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Abstract 

The thesis deals with development and application of non-linear mid-infrared laser 
techniques in combustion diagnostics. Three techniques were investigated here: 
infrared degenerate four-wave mixing (IR-DFWM), infrared laser-induced thermal 
grating spectroscopy (IR-LITGS) and infrared polarization spectroscopy (IRPS). 
These techniques are especially useful for the detection of molecular species lacking 
accessible electronic transitions in the ultraviolet and visible spectral regions. These 
includes many different species playing a key role in combustion, such as CH4, 
C2H6, H2O, CO2, HCl and HCN. These species can be probed using ro-vibrational 
transitions in the mid-infrared spectral region. Non-linear mid-infrared laser 
techniques provide the possibility of sensitive, non-intrusive, spatially resolved in 
situ detection of these species in combustion environments.  

For IR-DFWM, the work carried out was focused on investigating the hot mid-
infrared spectra of small hydrocarbons and other molecules of interest in 
combustion research. Accurate knowledge of the spectral structure at elevated 
temperatures is important for the spectral-line identification of selected species. The 
sensitivity of the technique at high temperatures suggests the feasibility of IR-
DFWM being employed in situ combustion diagnostics. Investigations of CH3Cl, 
NH3 and OCS detection were aimed at applications in biomass combustion.  

For IR-LITGS, the thesis reports on what appears to be the first time-resolved 
measurements performed utilizing a mid-infrared pump laser and probing molecular 
ro-vibrational excitation transitions. The measurements concerned both 
corroboration of the principles involved, and possibilities of applying IR-LITGS to 
both cold flow measurements and flames.  

Regarding IRPS, the investigations carried out dealt with low-pressure flames. IRPS 
was found to have a potential for the in situ, non-intrusive measurements both of 
temperature and of species concentrations in low pressure flames, matters that are 
of interest for validating chemical kinetics models and probe measurements in low 
pressure flames.  

The results from different techniques are summarized and a qualitative comparison 
of the different techniques in terms of their sensitivity and applicability is discussed 
at the end.  
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Populärvetenskaplig sammanfattning 

Förbränning står idag för runt 90 procent av våra energikällor. De allra flesta av våra 
bilar drivs av förbränningsmotorer och stora delar av vår elproduktion kommer från 
gasturbiner och kolkraftverk. Trots detta är det väldigt mycket vi inte vet om 
förbränning. Vad händer egentligen i en flamma? På något sätt reagerar bränslet 
med syre och bildar koldioxid och vatten, samtidigt som en stor mängd värme 
produceras. Men vägen dit är lång och komplicerad. Många andra ämnen än 
koldioxid och vatten bildas under förbränningen, däribland föroreningar som är 
skadliga för naturen och människor.  

Förutom problemet med utsläpp av föroreningar så bygger de flesta motorer idag på 
icke-förnyelsebara bränslen. Det är därför nödvändigt att utveckla mer effektiva 
motorer, som ger mindre utsläpp och sparar våra resurser. För att kunna göra detta 
måste vi förstå vad som händer under förbränningen. Vilka ämnen bildas i en 
flamma? Hur mycket värme avges under processen? Vilken är den högsta 
temperaturen vid en förbränning? 

Frågan är hur man på bästa sätt kan mäta koncentrationer av ämnen och 
temperaturer i förbränningsprocesser. Att sticka in ett mätinstrument i en flamma 
påverkar hur flamman brinner. Detta kan leda till att den temperatur och de 
koncentrationer av ämnen som uppmäts skiljer sig från de som skulle varit om 
mätningen inte utförts. Vi vill veta vad som händer under förbränningen när 
förloppet inte störs. Därför är det viktigt att kunna mäta i en flamma utan att ändra 
något genom mätningen. För detta används spektroskopi.  

Spektroskopi är läran om hur ljus växelverkar med materia. Alla atomer och 
molekyler absorberar ljus vid vissa speciella våglängder (olika våglängder betyder 
olika färg på ljuset). De våglängder som ljus absorberas vid är unika för varje ämne 
och utgör varje molekyls ”fingeravtryck”. Om en flamma belyses kan man mäta 
vilka våglängder som har absorberats. Från detta går det att bestämma vilket ämne 
som finns i gasen. Vilka våglängder ljuset absorberas vid beror också till viss del på 
temperaturen. Därför kan även temperaturen i en flamma bestämmas med hjälp av 
spektroskopi. 

Infrarött ljus är ljus med mycket längre våglängder än synligt ljus. Detta ljus kan 
människor inte se. Vissa molekyler som är viktiga i förbränningsprocesser har inga 
”fingeravtryck” med absorptionslinjer vid synliga våglängder. Man kan då istället 



  

studera absorptionen av infrarött ljus. Växthusgaser, som koldioxid och vattenånga, 
absorberar mycket infrarött ljus, vilket är anledningen till att de hjälper till att värma 
upp jorden.  

Lasrar är speciellt användbara för spektroskopi. För det första har ljuset från en laser 
bara en specifik våglängd. till skillnad från ”vanliga” ljuskällor vars ljus består av 
flera våglängder.  Laserns våglängd kan väljas för att motsvara en våglängd som 
absorberas av det ämne som ska studeras. Laserljus är också mycket starkare än 
vanligt ljus. Många lasrar avger ljus i korta pulser, ofta bara några nanosekunder 
långa (en nanosekund är en tusendel av en miljondels sekund). I vissa turbulenta 
förbränningsprocesser, t.ex. motorer, sker förbränningen i en omgivning som ändras 
väldigt snabbt. Med pulsade lasrar går det att göra ”ögonblicksmätningar” i motorn. 
Det betyder att förbränningen inte ändras under den tid som det tar att utföra 
mätningen.  

Det finns många olika lasertekniker för diagnostik vid förbränningsprocesser. Flera 
av de tekniker som finns idag används industriellt. Lasermätningar inom 
förbränning hjälper till att effektivisera motorer och elkraftverk som drivs av 
förbränning. En hel del mätningar utförs också i enkla flammor för att fördjupa vår 
förståelse av vad som händer under förbränningsförloppet. På detta sätt hjälper 
lasermätningar oss att spara våra resurser och minska utsläppen av giftiga ämnen ut 
i vår atmosfär.  

Icke-linjära lasertekniker är mer komplicerade lasertekniker, som kräver avancerad 
utrustning och hög-effekt-laserpulser. Fördelen med icke-linjära lasertekniker är att 
de ofta är väldigt känsliga och kan mäta mycket små koncentrationer. Det är också 
möjligt att begränsa mätområdet till små punkter och att mäta direkt i motorer etc. 
utan att störa processen. På så sätt kan man få en bättre förståelse för vad som händer 
vid förbränning.  

Den här avhandlingen fokuserar på att utveckla och testa icke-linjära lasertekniker 
for experiment utförda med infraröda lasrar. Det slutliga målet med forskningen är 
att få fram tekniker som kan användas både vid grundforskning och vid praktiska 
tillämpningar för att studera förbränning. Målet med grundforskning i förbränning 
är att fördjupa vår förståelse av vad som händer vid förbränning. Detta kan sedan 
förhoppningsvis användas t.ex. för att bygga effektivare motorer och minska 
utsläpp. 
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1 Introduction 

The combustion of fossil fuels is a major part of energy production in the world as 
a whole. It is used in automobile engines, gas turbines and power plants, for 
example. With increasing global warming and the severe health effects of 
pollutions, in cities in particular, the need of renewable energy sources and cleaner 
transportation fuels has increased dramatically over the last few decades. There is 
still no renewable clean energy source, however, that can replace fossil fuels. To 
reduce the environmental and health effects, we need to build cleaner and more 
efficient engines and power plants and introduce the use of renewable alternative 
fuels, such as biomass, in existing combustion devices [1-6].  

Combustion processes have been used by humanity for many thousands of years. 
Nevertheless, there is still a great deal that we do not yet know regarding 
combustion. Even the simplest combustion process involves a complicated chain of 
chemical reactions that is not completely understood. To improve the efficiency 
achieved and reduce the production of pollutants, we need to achieve a better 
fundamental understanding of the combustion process. This is the aim of 
fundamental combustion research.  

The modelling of chemical kinetics processes is a powerful tool for achieving an 
understanding of combustion processes. However, models of combustion need to 
also be validated by reliable experiments concerning in real-world processes. Since 
the 1980s, laser diagnostics have become an important part of combustion research 
[7, 8]. The main advantages in the use of lasers diagnostics here is the ability this 
provides of obtaining non-intrusive measurements that do not alter the combustion 
process. Measurements can also be performed in situ in complicated combustion 
situations, with a high spatial and temporal resolution. Laser diagnostics has no 
upper limit in terms of temperature measurements and can be used for the two-
dimensional visualization of turbulent flows and flames [9].  

Research on laser combustion diagnostics concerns two basic areas: (1) the 
development of new laser techniques that can complement or replace older 
techniques and/or provide additional information, and (2) the application of 
existing, established laser-diagnostics techniques for the investigation of 
combustion processes. The developments in question include the testing of new 
measurement techniques, the optimizing of the measurements and the finding of 
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new applications for existing techniques. The applications involved can concern 
both laminar, laboratory-scale burners for the validation of chemical kinetic models 
and of probe measurements, and applications for testing the efficiency of and 
improving combustion engines, gas turbines and power plants. The quantities to be 
measured include the concentrations of pollutants in exhaust gases, the 
concentrations of intermediate species in the reaction zone, flame temperatures and 
fuel/air mixing ratios in turbulent combustion. In fundamental flame studies, 
accurate and precise measurements are needed in order to validate both kinetic 
models for different fuels and the results of measurement studies in which probe 
measurements are performed [7].  

Laser diagnostics can be divided into linear and non-linear techniques. The linear 
techniques, such as absorption spectroscopy, laser-induced fluorescence and 
Rayleigh scattering, are based on linear interaction between light and matter. The 
non-linear laser techniques, in turn, concern the non-linear interactions between 
matter and light that occurs at high laser powers. Degenerate four-wave mixing 
(DFWM), polarization spectroscopy (PS), coherent anti-Stokes Raman scattering 
(CARS) and laser-induced grating spectroscopy (LIGS) are examples of laser 
techniques that use four-wave mixing processes in connection with non-linear 
interactions between matter and light [10]. The major advantages of non-linear laser 
techniques are their high temporal and spatial resolution, and their high sensitivity 
(in the case of the resonant techniques), their main disadvantages being the more 
complex setup involved and the more complex data analysis required. 

The species detection (and the temperature measurements) that laser spectroscopy 
involves generally relies on finding resonant absorption lines for a specific molecule 
and employing a laser of the wavelength in question to probe the molecule. Several 
diagnostic techniques have been established that utilize the resonant electronic 
transitions that occur in the visible or ultraviolet spectral regions. However, many 
species of interest for combustion applications, such as CH4, C2H4, C2H6, NH3 and 
HCN, lack readily accessible electronic transitions, their fundamental electronic 
transitions being located in the vacuum-ultraviolet spectral region, where it is much 
more difficult to perform laser spectroscopy due to these wavelengths being strongly 
absorbed by air. Other techniques, such as two-photon transitions or Raman 
scattering, can be employed in such cases for detecting these molecules. Another 
possibility is to move into the mid-infrared spectral region and probe the 
fundamental ro-vibrational transitions there. Many of the molecules of interest in 
combustion have strong fundamental absorption bands in the mid-infrared spectral 
region.  

A challenge for combustion diagnostics in the mid-infrared spectral region is the 
fact that it is difficult to suppress the background light there. All hot combustion 
processes glow brightly with mid-infrared light. To facilitate background 
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suppression, non-linear, coherent laser techniques, for example polarization 
spectroscopy or degenerate four-wave mixing, are useful. In these techniques, the 
signal is generated as a coherent, laser-like beam, which makes it easy to collect the 
signal and filter out background light.  

The application of non-linear laser techniques in the mid-infrared region has 
traditionally been held back by the lesser availability of high-power mid-infrared 
detectors and of suitable sensitive, low-noise detectors. In recent decades, the advent 
of frequency conversion of light in non-linear crystals has made it possible to 
achieve mid-infrared wavelengths in high power lasers. Cryogenic mid-infrared 
photodetectors have been developed that, although noisy compared with detectors 
for visible light, are sensitive and of a low-noise-level sufficient for laser 
spectroscopy applications.  

The thesis work is concerned with development of non-linear laser diagnostics 
techniques making use of mid-infrared lasers. The laser techniques are to be used in 
combustion processes. The development of the techniques is important, in order to 
improve the sensitivity, and also to test the applicability and sensitivity of the 
techniques, which are aimed toward applications within combustion diagnostics. 
The final aim of the research is to develop laser diagnostics techniques for 
applications both in fundamental flame studies and in real life applications involving 
measurements obtained within engines. 
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2 Molecular spectroscopy 

The energy level diagram for molecules is more complicated than that for atoms. In 
addition to the energy stemming from different electronic configurations, the nuclei 
in a molecule can rotate and vibrate with respect to each other, adding further 
contributions to the energy level diagram. According to the Born-Oppenheimer 
approximation, these energy contributions can be considered separately [11]. The 
total energy of the molecule (𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡) can then be assumed to be equal to the sum of 
the electronic (𝐸𝐸𝑒𝑒), the vibrational (𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣) and the rotational (𝐸𝐸𝑟𝑟𝑡𝑡𝑡𝑡) energy 
contributions:  

 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑒𝑒 + 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑡𝑡  (1) 

The energy levels with different electronic configurations are normally separated by 
a few eV, which corresponds to wavelengths in the visible/ultraviolet spectral range. 
The vibrational energy is normally in the order of 0.1 eV, corresponding to mid-
infrared wavelengths, and the rotational energy is a few meV, which results in 
microwave wavelengths. Figure 2-1 provides a schematic illustration of the energy 
level diagram of a molecule, illustrating the contributions of the electronic, 
vibrational and rotational energy levels.  

 

Figure 2-1 Schematic of the energy level diagram of a molecule, divided into electronic, vibrational 
and rotational energy levels.  
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Transitions between different electronic configurations have short wavelengths, 
typically in the visible or ultraviolet region. These transitions are usually combined 
with transitions between different vibrational/rotational levels within the electronic 
levels. For some molecules, the electronic levels of the ground state and the excited 
state are far separated that the transitions are in the vacuum-ultraviolet spectral 
region, where it is very difficult to perform spectroscopic measurements. Many of 
the molecules important for combustion (CH4, C2H4, HCN, HF, and others) have no 
accessible electronic transition in the visible or ultraviolet spectral region, but do 
have strong ro-vibrational absorption lines in the mid-infrared region. The mid-
infrared spectral region thus provides excellent opportunities for studying molecules 
that are otherwise difficult to reach.  

Transitions between different vibrational energy levels all within the same 
electronic level generally have wavelengths in the mid-infrared spectral region. 
Both vibrational and rotational energy levels contribute to resonant transitions 
occurring between different vibrational energy levels, which is why they are 
referred to as ro-vibrational transitions. The present chapter provides a brief 
introduction to the basics of ro-vibrational molecular spectroscopy, in accordance 
with the theory presented in [12]. For purposes of simplification, the discussion of 
the basic theory of rotational and vibrational energy levels will be centered on 
diatomic molecules, this discussion being followed by a brief discussion of 
polyatomic molecules. More complex theory of ro-vibrational spectroscopy can be 
found in [13]. At the end of the chapter, a brief introduction to the HITRAN [14] 
and HITEMP [15] databases is included to illustrate the important tools available 
for the simulation of more complex molecular spectra.  

2.1 Ro-vibrational spectroscopy 

2.1.1 Rotational energy levels 

Rotational energy comes from the rotation of the nuclei of the molecule around their 
common center of mass. In this derivation of the rotational energy, a rigid rotator 
consisting of two nuclei of differing mass, 𝑚𝑚1 and 𝑚𝑚2, will be assumed. The rotation 
of the molecules around the center of gravity leads to the moment of inertia I  

 𝐼𝐼 = 𝜇𝜇𝑟𝑟2 (2) 

where 𝜇𝜇 = 𝑚𝑚1𝑚𝑚2 (𝑚𝑚1 +𝑚𝑚2)⁄  is the reduced mass of the nuclei and 𝑟𝑟 is the distance 
between the nuclei. The solution to the Schrödinger equation shows the discrete 
rotational energy level to be  
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 𝐸𝐸𝑟𝑟𝑡𝑡𝑡𝑡 = 𝐵𝐵𝐵𝐵(𝐵𝐵 + 1) (3) 

where 𝐵𝐵 = 0, 1, 2, … is the rotational quantum number. The rotational constant 𝐵𝐵 of 
the molecule is defined as 

 
𝐵𝐵 =

ℎ2

8𝜋𝜋2𝐼𝐼
 Joules =

ℎ
8𝜋𝜋2𝐼𝐼𝐼𝐼

 cm−1 
(4) 

 

where ℎ is Planck’s constant and 𝐼𝐼 is the speed of light in vacuum. In the rest of the 
thesis, all energy units, unless stated otherwise, will be in cm-1, which is the standard 
energy unit for mid-infrared spectroscopy.  

If the rotation of the nuclei cannot be described as rigid, the distance between the 
molecules will increase as the molecule rotates faster, causing the moment of inertia, 
𝐼𝐼, to increase. Instead of having a changing rotation constant in the equation, the 
energy levels of an elastic rotator can be expressed as  

 𝐸𝐸𝑟𝑟𝑡𝑡𝑡𝑡 = 𝐵𝐵𝐵𝐵(𝐵𝐵 + 1) − 𝐷𝐷𝐵𝐵2(𝐵𝐵 + 1)2 (5) 

where 𝐷𝐷 is defined as the centrifugal distortion constant, which compensates for the 
change in inertia for higher 𝐵𝐵-levels. 

2.1.2 Vibrational energy levels 

The atoms in a diatomic molecule are drawn together by the attraction of the nuclei 
to the electrons around the other atom. If the nuclei are too close to each other, 
however, they start to repel each other. For this reason, the two atoms settle at the 
mean internuclear distance 𝑟𝑟𝑒𝑒𝑒𝑒, which is termed the equilibrium distance of the 
nuclei. At this distance, the forces acting on the nuclei are balanced, the energy of 
the system being minimized. The potential energy of the atom as a function of the 
distance between the nuclei can be described by the Morse potential 

 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐷𝐷𝑒𝑒 �1 − 𝑒𝑒−𝑎𝑎�𝑟𝑟−𝑟𝑟𝑒𝑒𝑒𝑒��
2

 (6) 

where 𝐷𝐷𝑒𝑒 is the dissociation energy of the molecule and 𝑎𝑎 is a constant which is 
dependent upon the molecule in question. The nuclei of the molecule vibrate with 
respect to each other around 𝑟𝑟𝑒𝑒𝑒𝑒, giving rise to certain vibrational energy levels.  

For lower vibration levels, the Morse potential can be approximated by a harmonic 
oscillator. The vibrational energy of the harmonic oscillator is 

 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 = �𝑣𝑣 +
1
2
� 𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜 , 𝑣𝑣 = 0, 1, 2, … (7) 

 

where 𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜 is the oscillation frequency (in cm-1) and 𝑣𝑣 is the vibrational quantum 
number. Figure 2-2 shows the vibrational energy levels of the Morse potential, 
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approximated by the harmonic oscillator. As illustrated in Figure 2-2, the energy 
levels for the Morse potential and the harmonic oscillator agree well for lower 
vibrational levels, whereas for higher levels the energy of the Morse potential is 
lower. The energy levels of the anharmonic oscillator can be expressed as 

 
𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 = �𝑣𝑣 +

1
2
� 𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜 − �𝑣𝑣 +

1
2
�
2
𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜𝑥𝑥𝑒𝑒 

(8) 

 

where 𝑥𝑥𝑒𝑒 is the anharmonicity constant.  

 

Figure 2-2 The Morse potential (blue), approximated by a harmonic oscillator (red). The energy levels 
of the different vibrational states are shown in the potential. 

2.1.3 Ro-vibrational spectroscopy 

Since the rotational energy is much less than the vibrational energy, as a first 
approximation, the total energy of a ro-vibrational level can be approximated as 
being the sum of the rotational and vibrational energy levels 

 𝐸𝐸 = 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 𝐵𝐵𝐵𝐵(𝐵𝐵 + 1) (9) 

In Equation 9, the centrifugal distortion is neglected, since for low rotational energy 
levels it is usually negligible. However, the vibration of the nuclei does affect the 
moment of inertia of the rotation. This means that the rotational constant B will be 
different in different vibrational states. For ro-vibrational levels within the same 
electronic state, the rotational constant is generally lower at higher vibrational 
levels. 
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Molecules can absorb or emit radiation when moving from one ro-vibrational level 
to another. For the harmonic oscillator, the transition rules for vibrational levels are 
Δ𝑣𝑣=±1, which gives rise to transitions at the vibrational frequency 𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜. For the 
anharmonic oscillator, the transition rules are Δ𝑣𝑣=±1, ±2, ±3, etc. This means that, 
in addition to the fundamental transitions, the spectrum for an anharmonic oscillator 
also contains overtone transitions, at nearly 2 or 3 times the fundamental vibrational 
frequency. In addition to this, there can also be combination bands from the addition 
or subtraction of two or more fundamental vibrations. Usually the combination and 
overtone bands have much weaker transition probabilities than the fundamental 
bands do. Sometimes, when two modes are very close to one another in energy level, 
the transitions intensities can be enhanced by resonance. A detailed account of the 
theory of overtone and combination bands can be found elsewhere [13].  

In calculating the energy of a ro-vibrational transition, one needs to take account of 
the differences in the rotational constants of the different vibrational states. The 
rotational constant for the upper vibrational level will be referred to as 𝐵𝐵′ and that 
for the lower level as 𝐵𝐵". For a diatomic molecule, the selection rules for the 
rotational levels is Δ𝐵𝐵=±1. The ro-vibrational spectrum of a diatomic molecule is 
therefore divided into two branches, the R-branch (for Δ𝐵𝐵=+1) and the P-branch (for 
Δ𝐵𝐵=−1). Calculating the energy difference between the upper and lower ro-
vibrational level gives the wavenumber 𝜈𝜈 of the ro-vibrational transition as  

 𝜈𝜈 = 𝜈𝜈𝑡𝑡𝑜𝑜𝑜𝑜 + (𝐵𝐵′ + 𝐵𝐵′′) ⋅ 𝑚𝑚 + (𝐵𝐵′ − 𝐵𝐵′′) ⋅ 𝑚𝑚2 (10) 

where, 𝑚𝑚=1, 2, 3… for the R-branch and 𝑚𝑚=-1, -2, -3… for the P-branch transitions. 
The relative population in different vibrational levels is governed by the Boltzmann 
distribution,  

 𝑁𝑁1
𝑁𝑁2

=
𝑔𝑔1
𝑔𝑔2
𝑒𝑒−Δ𝐸𝐸 𝑘𝑘𝐵𝐵𝑇𝑇⁄  (11) 

 

where 𝑁𝑁1 and 𝑁𝑁2 are the populations at the respective levels, 𝑔𝑔1 and 𝑔𝑔2 are the 
statistical weights of each level, Δ𝐸𝐸 is the energy difference between the two levels, 
𝑘𝑘𝐵𝐵 is Boltzmann’s constant and 𝑇𝑇 is the temperature. At higher temperatures, the 
lines with higher J-values gain strength, due to higher population of the levels. 
Normally, at room temperature only the lowest vibrational energy level (𝑣𝑣=0) is 
populated. Accordingly, only the transitions 𝑣𝑣" = 0 → 𝑣𝑣′ = 1 are possible at room 
temperature. At higher temperature, a greater number of molecules start to occupy 
higher vibrational levels, and transitions such as 𝑣𝑣" = 1 → 𝑣𝑣′ = 2 and other gain in 
intensity. These vibrational transitions are termed “hot bands”.  
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2.1.4 Polyatomic molecules  

The rotation and vibration of polyatomic molecules is much more complex than that 
for diatomic molecules. A non-linear polyatomic molecule has 3N-6 fundamental 
vibrations, and linear polyatomic molecules have 3N-5 vibrations, where N is the 
number of atoms in the molecule. The rotational selection rules for polyatomic 
molecules depend upon the symmetry of the molecule and the symmetry of the 
vibration. The molecular symmetries include linear, spherical top, symmetric top 
and asymmetric top. Vibrations can be either parallel or perpendicular to the 
symmetric axis.  

For parallel vibrations in a linear polyatomic molecule, the selection rules are the 
same as for a diatomic molecule (Δ𝐵𝐵=±1). For perpendicular vibrations, the selection 
rules allow transitions for which Δ𝐵𝐵=0, ±1. This results in a spectrum for which there 
is a Q-branch between the P- and R-branches. Since the Q-branch contains many 
lines at nearly the same frequency, the intensity of the Q-branch is often very strong. 
For linear molecules having a center of symmetry (such as CO2 and C2H2), the 
nuclear spin affects the population of ro-vibrational levels, and thus also influence 
the transition intensities of the absorption lines. For example, for C2H2, every second 
absorption line in the C2H2 spectrum is three times as strong as the neighboring line.  

Symmetric top molecules, such as CH3Cl, can rotate around two axes. Accordingly, 
two quantum numbers, 𝐵𝐵 and 𝐾𝐾, are needed to describe the rotation of symmetric 
tops. Traditionally, 𝐵𝐵 is defined as the total rotational momentum, whereas |𝐾𝐾| ≤ 𝐵𝐵 
is introduced to represent the projection of the total moment of inertia 𝐵𝐵 on the axis 
of symmetry. The vibration of the symmetric top is either parallel to the axis of 
symmetry (the C-Cl bond for CH3Cl) or is perpendicular to it. For parallel 
vibrations, the selection rules are Δ𝐵𝐵=0, ±1, Δ𝐾𝐾=0, the spectrum possessing a PQR-
structure, similar to the case of perpendicular vibrations in a linear molecule. For 
perpendicular vibrations within a symmetric top, the selection rules are Δ𝐵𝐵=0, ±1, 
Δ𝐾𝐾=±1. Thus, the spectrum contains several Q-branches, one for each 𝐾𝐾, and also 
one P- and R-branch line for each individual 𝐾𝐾. Some symmetric top molecules 
have a two-fold center of symmetry. In that case, the effects of nuclear spin result 
in a two-fold symmetry in the intensities of the spectral lines: strong, weak, weak, 
strong, weak, weak, etc.  

For spherical top molecules, the moment of inertia is the same for rotations around 
each of the three axes, whereas for asymmetric top molecules, the moment of inertia 
around each axis is different. The spectral structure of these molecules is dealt with 
in greater detail by Herzberg [13] along with more complicated theory for linear and 
symmetric tops, and will not be included here.  
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2.2 The HITRAN and HITEMP databases  

As can be seen in the previous sections, it is quite complicated to calculate the ro-
vibrational spectrum even in the case of simple molecules. Instead, there are 
databases that store spectral data for molecular spectra, in order to simplify spectral 
simulations.  

HITRAN [14] is an acronym for High-resolution Transmission molecular 
Absorption database. The database was originally developed for planetary 
atmospheric remote sensing and transmission simulations. However, the parameters 
in question have been found to be useful for many other applications, including 
laboratory studies, industrial process monitoring, pollution regulatory studies and 
simulations of absorption and emissions in combustion environments. The HITRAN 
database is recognized as the international standard for the compilation of 
spectroscopic parameters for diverse absorption and transmission calculations. It 
has been continuously updated during recent decades, the current version containing 
spectroscopic parameters for 47 different molecules [14].  

For high temperature applications, the HITRAN database is often found to be 
lacking in information concerning hot band transitions. HITEMP [15] is an acronym 
for High-Temperature spectroscopic absorption parameters. It was created 
specifically for high-temperature simulations. The latest version of the HITEMP 
database contains spectroscopic data for five different molecules (H2O, CO2, CO, 
NO and OH). The data involved includes a great many hot band transitions that have 
negligible line strength at ambient temperatures due to the low populations, only 
gaining significant strength at high temperatures, and have thus not been included 
in HITRAN. For example, the H2O line list in the current version of HITRAN 
contains 224,515 transitions, whereas the HITEMP database contains 114,241,164 
H2O transitions [15].  

The parameters included in the HITRAN and HITEMP databases are summarized 
in Table 2-1. The statistical weights for a transition are already taken into account 
in the value of the line intensity (S). The line intensities for different isotopes are 
weighted in accordance with the natural abundancies of the isotopes on earth. The 
data in HITRAN is intended to be used for transmission simulations, but emission 
spectra can be simulated by use of the Einstein A-coefficients. There, the upper state 
statistical weight needs to be taken into account in each case.  

For simulations at temperatures other than 296 K, the partition function needs to be 
taken into account in converting the line strength. The partition function of a 
molecule is defined as 
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 𝑄𝑄(𝑇𝑇) ≡�𝑔𝑔𝑣𝑣 exp �−
𝐸𝐸𝑣𝑣
𝑘𝑘𝐵𝐵𝑇𝑇

�
 

𝑣𝑣

 (12) 

 

where 𝑘𝑘𝐵𝐵 is Boltzmann’s constant, 𝑔𝑔𝑣𝑣 is the statistical weight and 𝐸𝐸𝑣𝑣 is the energy 
of energy level 𝑖𝑖. The value of the partition function at temperatures of between 70 
and 3000 K is given in the HITRAN database. The intensity 𝑆𝑆𝑣𝑣(𝑇𝑇) of line 𝑖𝑖 at 
temperature 𝑇𝑇 can be calculated from the line strength at a reference temperature 
𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟: 

𝑆𝑆𝑣𝑣 = 𝑆𝑆𝑣𝑣�𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟�
𝑄𝑄�𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟�
𝑄𝑄(𝑇𝑇)

exp(−𝐼𝐼2 𝐸𝐸𝑣𝑣 𝑇𝑇⁄ )
exp�−𝐼𝐼2 𝐸𝐸𝑣𝑣 𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟⁄ �

[1 − exp(−𝐼𝐼2 𝜈𝜈𝑣𝑣 𝑇𝑇⁄ )]
�1− exp�−𝐼𝐼2 𝜈𝜈𝑣𝑣 𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟⁄ ��

 
(13) 

 

Here, 𝐸𝐸𝑣𝑣 is the lower state energy, 𝐼𝐼2 = ℎ𝐼𝐼 𝑘𝑘𝐵𝐵⁄  is the second radiation constant, ℎ is 
Planck’s constant and 𝜈𝜈𝑣𝑣 is the transition wavenumber for line 𝑖𝑖.  

In the present thesis work, data from the HITRAN database was used in spectral 
simulations. In Papers I, IV and V, the recorded infrared degenerate four-wave 
mixing (IR-DFWM) excitation scans are compared with simulations based on data 
from HITRAN. In the low pressure flame measurements, performed by use of 
infrared polarization spectroscopy (IRPS) in Paper VIII, simulations using data from 
HITRAN and HITEMP are employed for identifying spectral lines in the scans. For 
quantitative measurements in flames, changes in the absorption cross section with 
temperature were simulated using the HITRAN database.  
Table 2-1 Table of the parameters included in the HITRAN database.  

Quantity Symbol Unit  
Molecule number  M - 
Isopotologue number  I - 
Transition wavenumber  ν  cm-1  
Intensity at 296 K  S cm-1/(molecule⋅cm-2) 
Einstein A coefficient A s-1 

Air-broadened half-width at 296 K γair  cm-1atm-1 

Self-broadened half-width γself cm-1atm-1 

Lower state energy  E cm-1 
Temperature-dependent exponent for γair nair - 
Air-induced pressure shift δair cm-1atm-1 

Upper and lower state global quanta v’, v’’ - 
Upper and lower state local quanta q’, q’’ - 
Uncertainty indices ierr - 
Reference indice iref - 
Upper and lower state statistical weights g’, g’’  
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2.2.1 Infrared absorption cross sections in HITRAN 

In addition to the spectral line list data for different molecules, the HITRAN 
database also contains recorded infrared absorption cross sections for various 
molecules for which line-by-line spectral parameters are either incomplete or 
unavailable. For example, for the C2H6 spectrum around 3.4 μm, HITRAN only 
contains line-by-line data for the strongest Q-branches of the v7 band. To 
complement this data, the HITRAN database also provides data for high resolution 
absorption cross sections of C2H6 at selected temperatures and pressures, as 
recorded by Harrison et al. [16].  

Figure 2-3 shows the mid-infrared absorption cross section of C2H6 at 296 K and 
500 mbar, compared with a simulation of the absorption cross section of C2H6 using 
the line list contained in HITRAN. It is clear that the line list data misses a great 
many weaker transitions around the strongest Q-branches. There, the absorption 
cross section can be useful for identifying spectral lines in the regions in which the 
line list data is incomplete.  

 

Figure 2-3 The mid-infrared absorption cross section of C2H6 at 296 K and 500 mbar (blue) [14, 16], 
compared with the simulated absorption cross section using the line list data from HITRAN (red). 
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3 Experimental Equipment 

3.1 Lasers 

Most of the experiments reported on in the thesis used mid-infrared laser pulses 
generated by a difference-frequency-mixing system. The fundamental output of a 
Nd:YAG laser at 1064 nm was frequency-doubled so as to generate laser pulses at 
532 nm, which were used to pump a dye laser system, that produced a laser beam 
that was tunable around 400-900 nm making use of different dyes. The output of the 
dye laser was then difference-frequency mixed in a LiNbO3 crystal with the residual 
of the fundamental 1064 nm laser beam of the Nd:YAG laser. The difference-
frequency mixing generated a mid-infrared laser beam having a frequency that was 
the difference between the dye laser beam and the 1064 nm laser beam. The mid-
infrared laser beam was then further amplified in another LiNbO3 crystal to generate 
tuneable mid-infrared laser pulses having a laser energy of 2-10 mJ, depending upon 
the efficiency of the dye involved and the performance of the Nd:YAG laser. The 
system is shown in Figure 3-1.  

 

Figure 3-1 Schematic of the mid-infrared laser system. The 2nd harmonic of the single mode Nd:YAG 
laser beam is used to pump a dye laser that generates a laser beam of tuneable wavelength. The dye 
laser beam is difference frequency mixed in a LiNbO3 crystal with the residual of the fundamental 
Nd:YAG output beam that is left over after the 2nd harmonic generation. The mid-infrared laser pulses 
generated are further amplified then by being mixed in another LiNbO3 crystal with the 1064 nm 
Nd:YAG laser beam. The process as a whole generates tunable 10 Hz mid-infrared laser pulses having 
a pulse energy of 2-10 mJ. 
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3.1.1 Nd:YAG laser 

The Nd:YAG laser is one of the most commonly used high power lasers in the 
world. Its fundamental output is fixed at 1064 nm. Through frequency doubling, 
tripling and quadrupling, the wavelength can be converted to 532, 355 and 266 nm, 
respectively. For some diagnostics techniques, which are not reliant on accessing 
molecular absorption lines, but require high power, the Nd:YAG laser can be used 
directly as an excitation source. Examples of such techniques are Laser-Induced 
Incandescence, Rayleigh and Raman scattering, laser-induced phosphorescence and 
particle image velocimetry. The Nd:YAG laser is also useful as a pumping source 
for both dye lasers and optical parametric oscillators (OPO).  

The Nd:YAG laser used in the thesis work is a single-longitudinal-mode Nd:YAG 
laser from Spectra Physics (Quanta-Ray PRO 290-10). It has 10 Hz repetition rate, 
a pulse duration of 8-10 ns and maximum pulse energy of 1.5 J at 1064 nm. The 
single-longitudinal mode operation is achieved by injection seeding with a model 
6350 seed laser, resulting in a <0.003 cm-1 line width. The frequency-doubled output 
at 532 nm has a pulse energy of around 750 mJ.  

3.1.2 Dye laser 

The Sirah dye laser (PrecisionScan PRSC-D-18) is pumped by the 532 nm output 
of the Nd:YAG laser. The oscillator cavity of the dye laser is aligned with double 
gratings so as to achieve a narrow line width specified to 0.05 cm-1 at 625 nm. The 
wavelength of the dye laser depends upon the dye involved. In switching between 
different dyes, the dye laser wavelength can be scanned at 400-900 nm. At 800 nm, 
a pulse energy of ~60 mJ is achieved.  

3.1.3 Difference-frequency-mixing unit 

The mid-infrared laser pulses used in most of the thesis work were produced in a 
Sirah Near-Infrared Optical Parametric Amplifier unit (OPANIR). The dye laser 
output and part of the residual 1064 nm beam of the Nd:YAG were difference-
frequency-mixed in a LiNbO3 crystal. The operating temperature of the crystal was 
kept at 70°C for optimization of the difference-frequency-mixing process. The mid-
infrared laser pulses generated were then further amplified in another LiNbO3 
crystal pumped by the rest of the 1064 nm laser beam.  

The wavelength of the mid-infrared laser pulses generated was determined by the 
wavelength of the dye laser. While the wavelength of the dye laser was being tuned, 
the wavelength of the mid-infrared laser pulses was scanned. The angle of the 
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LiNbO3 crystals were adjusted automatically by a calibration curve while the dye 
laser was being scanned so as to maintain the phase-matching angle during long 
wavelength scans. The energy of the mid-infrared output varied between 2 and 
10 mJ/pulse, depending upon the pulse energy of the dye laser.  

The bandwidth of the mid-infrared laser pulses was determined mainly by the 
linewidth of the dye laser, since the linewidth of the Nd:YAG laser was much 
narrower. The full width at half maximum (FWHM) of the mid-infrared laser pulses 
has been measured to be 0.025 cm-1 at 2.7 μm [17] by a laser-induced fluorescence 
scan of CO2 in a 10 mbar gas cell. The laser pulse duration was around 4 ns.  

3.1.4 Mid-infrared optical parametric oscillator 

In Paper III, a mid-infrared optical parametric oscillator (IR-OPO, versaScan-
L1064, GWU-Lasertechnik) was used as a pump laser source in the laser-induced 
thermal grating spectroscopy experiments carried out. Figure 3-2 shows a schematic 
of the IR-OPO unit. The OPO consisted of a resonator having 2 mirrors, a LiNBO3 

crystal for frequency mixing and a telescope for adjusting the beam diameter of the 
pump laser. The OPO was pumped at 1064 nm by the fundamental frequency of a 
Nd:YAG laser that had a pulse energy of approximately 290 mJ. The frequency-
mixing produced a signal beam of around 1.6 μm and an idler beam of around 
3.2 μm. The resonator mirrors were designed so as to reflect the signal beam.  

The OPO was aligned in a non-collinear geometry. The principle of the phase 
matching is shown in the figure below. The signal and the idler beams were easily 
separated, since they were propagated along different beam paths.  

 

Figure 3-2 Schematic of the IR-OPO. The telescope was used to adjust the diameter of the pump beam 
to the right size in the LiNBO3 crystal. The cavity mirrors were designed to reflect the signal beam. 
The 1064 nm pump laser beam interacted in the LiNbO3 crystal so as to generate and amplify the signal 
and the idler beams. The angle of the crystal determined the wavelength of the signal and the idler 
beams. The figure at the top in the diagram shows the phase-matching schemebetween the pump and 
the signal and idler beams.  
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3.2 Optical components 

3.2.1 Mid-infrared optics 

The standard optical components of BK7 or fused silica glass cannot be used for 
mid-infrared wavelengths, since they do not transmit mid-infrared light. Most optics 
for use in the mid-infrared region are thus made instead of CaF2, sapphire, MgF2, 
IR-fused silica (IR-FS), and the like. The optics used in our laboratory is mainly 
CaF2, a few of the components being made of sapphire or IR-FS. IR-FS only works 
well for wavelengths of up to 2.7 μm.  

Gold mirrors are useful for mid-infrared spectroscopy since they have a high degree 
of reflectance for mid-infrared wavelengths. For specific high power mirrors and 
for dichroic mirrors, specially coated CaF2 plates rather than gold mirrors were 
employed.  

3.2.2 BOXCARS plates 

The mid-infrared degenerate four-wave mixing (IR-DFWM) experiments in the 
thesis were performed with use of the forward-folded BOXCARS geometry (for an 
explanation of this, see Chapter 4). A set of specially coated mid-infrared beam-
splitter plates (BOXCARS plates) were utilized for alignment purposes. The set 
consisted of two identical plates having dimensions of 50×50×1.5 cm3 and provided 
with different coatings as illustrated in Figure 3-3. The first plate tilted at an angle 
of 45° with respect to the incoming beam. The input and output areas of the plates 
were anti-reflection-coated. The first internal reflection was off a 50% reflection 
coating, this splitting the beam into one that passed right through and one that was 
reflected. The second internal reflection was then reflected off a high-reflection 
coating and transmitted through an anti-reflection coating. This created two parallel 
beams with approximately equal intensity. These beams were then directed at the 
next plate, which was tilted at 45° about an axis perpendicular to that of the first 
plate. This way, the BOXCARS plates split one beam into four parallel beams in 
the four corners of a rectangle.  

Two sets of BOXCARS plates were used in the thesis work. In the work reported in 
Papers I, II, and IV, the BOXCARS plates employed were made of CaF2 and the 
coatings were designed for operations at 2.7-3.3 μm. For the IR-DFWM 
experiments reported on in Paper V, the plates were made of IR-FS and the coatings 
were designed for operations at 1.9-2.5 μm laser light.  
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Figure 3-3 Schematic of the design and the function of the BOXCARS plates. A single beam is aligned 
horizontally on the anti-reflection (AR) coated side at a 45° angle. The beamsplitter (BS) coating splits 
the beam into two beams, one being transmitted and the other one reflected toward the high reflection 
(HR) coating, where it iss then reflected to the next AR coating. The two parallel beams generated by 
this plate are sent to a second plate rotated 45° about an axis perpendicular to that of the first plate, and 
the two beams are subsequently split into four parallel beams. 

3.2.3 Polarizers 

A set of polarizers of high extinction rate are crucial for successful completion of 
polarization spectroscopy (PS) experiments. The polarizers employed in the mid-
infrared polarization spectroscopy (IRPS) experiments were a set of Glan-laser 
YVO4 (Yttrium Vanadate) polarizers, which is a type of polarizer of high extinction 
ratio especially suited for high power laser light.  

 

Figure 3-4 Schematic of a Glan laser polarizer. The surface in the middle reflects the horizontally 
polarized light and transmits the vertically polarized light.  

Figure 3-4 presents the schematic of a Glan laser polarizer. Two YVO4 prisms are 
set up as a pair. Each of them has an aperture of 15×15 mm2 and is coated with an 
anti-reflection coating. In the space between the two prisms, the horizontal 
polarization is reflected and the vertical polarization is transmitted, thus separating 
the two polarizations. The extinction ratio of the polarizers when new was measured 
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to be 107:1, then over time, the extinction ratio decreased. This could be partly from 
aging of the coatings and partly from contamination of the surfaces of the polarizer.  

3.3 Detectors 

3.3.1 Cryogenic InSb detector 

An InSb point detector (Teledyne Judson Technologies, J10D-M204-R04M-60) 
was used for most of the IRPS and DFWM measurements. The detector requires use 
of liquid nitrogen cooling in order for the operating temperature of 77 K to be 
achieved. This detector functions well in the wavelength range of 1-5.3 μm. The 
round InSb chip is 4 mm in diameter. The signal from the detector is amplified in a 
PA-9 trans-impedance premplifier.  

3.3.2 Upconversion detector 

Even the very best state-of-the-art mid-infrared detectors available today are unable 
to achieve the same low-noise and high-efficiency level of visible and near-infrared 
light detectors, and the mid-infrared detectors are also considerably more expensive. 
The upconversion detector is a novel detector of mid-infrared light that is built on 
the principle of the upconversion of light. The idea is to use frequency mixing in 
order to upconvert the mid-infrared signal to either near-infrared or visible 
wavelengths. This enables the inexpensive and high performance near-infrared 
cameras and point detectors to be utilized for the detection of mid-infrared light.  

The upconversion module is described in greater detail in Paper II and Ref. [18]. 
Figure 3-5 shows a schematic of the workings of the module. The coherent mid-
infrared signal beam is directed at the upconversion module and a periodically poled 
LiNbO3 (PP:LN) crystal, poled for a period of 22 μm. This crystal is placed in an 
intracavity field of a 70 W continuous wave (CW) 1064 nm Nd:YVO4 laser. The 
mid-infrared signal is frequency mixed with the 1064 nm field in order to generate 
near-infrared light of around 800 nm. This light is passed through a set of filters 
before being detected by an electron multiplying CCD chip (Luca, Andor 
Technology). To block stray light, the entire upconversion detector system is sealed 
in a black box. The effective detector area is defined by the 180 μm beam waist of 
the mixing laser inside the PP:LN crystal. The Nd:YVO4 laser is pumped by an 
880 nm laser diode. Filters in front of the CCD are used to block the 880 and 1064 
nm light and let through the upconverted signal. The temperature of the crystal can 
be adjusted continually for fine-tuning the optimal wavelength for upconversion. 
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The angle of the crystal can be tuned to take account of any appreciable changes in 
the mid-infrared wavelength.  

 

Figure 3-5 Schematics of the upconversion detector. A Nd:YVO4 CW laser is pumped by an 880 nm 
laser diode. The mid-infrared signal enters the upconversion module through a germanium window. 
Unconversion of the mid-infrared light in a PP:LN crystal through mixing of it with the 1064 nm 
intracavity field generates a visible or near infrared beam, that is detected by a CCD-camera.  

Figure 3-6 presents a quantitative comparison of the noise level in the InSb detector 
with that in the upconversion detector (Paper II). The upconversion detector has a 
500 times lower noise level, which should enable an at least 22 times lower detection 
limit. Part of the lower noise level stems from the suppression of scattering possible 
there due to the imaging part of the upconversion detector, which significantly 
improves the signal collection. It should also be possible to improve the suppression 
of scattering in the upconversion system, which would lead to it having even lower 
detection limits.  

 

Figure 3-6 A comparison of the noise levels of the InSb detector with those of the upconversion 
detector (the figure is taken from Paper II). The noise level in each detector is a combination of 
scattered light from the IR-DFWM setup and inherent dark noise in the detector in question. The 
filtering of scattered light in the camera images that takes place in the upconversion detector 
contributes to the low noise levels there.  
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3.3.3 Photomultiplier tube 

A photomultiplier tube (PMT) is a detector having a particularly high level of 
sensitivity in the detection of ultraviolet, visible and near-infrared light. The light 
impinging upon the PMT results in the emission of electrons by the photocathode 
detector. These electrons pass through electron-multiplier dynodes resulting in 
strong amplification of the signal. A PMT generally has a high-speed response time, 
making it highly useful for laser experiments involving pulsed signals.  

The PMT is used as a point detector in the laser-induced thermal grating 
experiments presented in Chapter 5 and in Papers III, VI and VII. The particular 
PMT used here is a Hamamatsu H6780-04 Photosensor module with a metal-
packaged PMT and a high-voltage power supply circuit. It provided a spectral 
response in the range of 185-850 nm, having a peak sensitivity at 400 nm.  

3.3.4 Wavemeter 

The precision of the wavelength reading provided by the dye-laser-driving program 
used for obtaining the high-precision spectroscopic measurements aimed at in the 
thesis work was sometimes not as accurate as was needed. To determine more 
precisely the wavelength of the mid-infrared laser beam during a long scan, for 
example, part of the residual dye laser beam left after frequency-mixing was 
directed at a wavemeter (HighFinesse, WS/6-600 High Precision – UV). The 
working wavelength range for the model involved here is 330-1180 nm, and the 
wavemeter has an accuracy of 600 MHz (0.02 cm-1). The input to the wavemeter is 
fiber-coupled and the output is directly displayed on a control laptop. Since the 
Nd:YAG laser wavelength is fixed, the wavelength of the mid-infrared beam is 
determined by the wavelength of the dye laser.  

3.4 Combustion equipment 

3.4.1 Heating tube 

A specially designed heating gas tube was used in performing experiments in hot 
gas flows at a controlled temperature. A photograph of the heating tube and a 
schematic of the design of the tube is shown in Figure 3-7. The heating tube is an 
open T-shaped glass tube surrounded by an electric heating wire together with 
insulation. Controlling the current through the heating tube enables different 
temperatures to be achieved. The sample gas is connected through the bottom of the 



  

23 

 

tube and is heated as the gas flows through to the top. Measurements are performed 
at a point in the middle of the top of the T-shaped tube. Figure 3-7 (a) shows a 
schematic alignment of the three crossing DFWM beams and the generation of the 
signal beam. The gas temperature is measured with a thermocouple close to the 
measurement point.  

 

Figure 3-7 (a) Schematic of the design of the heating tube. The gas flows up from the bottom and is 
heated by the electric wire wound around the tube. The laser beams used for the IR-DFWM 
measurements are aligned through the T-shaped top. Signals are generated at a point in the middle of 
the top of the T-shaped tube. The T-shape helps to maintain a stable gas flow in the center of the 
measurement volume. The thermocouple is aligned through the top, as close as possible to the 
measurement point. (b) A photograph of the heating tube.  

3.4.2 Porous plug burner 

The porous plug burner is one of the most commonly used laboratory scale burners. 
It is used to create a stable, flat, one-dimensional flame in which the progression of 
the flame depends only upon the height above the burner. Flames of this type are 
useful for studying the formation and consumption of different species during 
combustion. They are used in particular for fundamental studies of low pressure 
flames.  

Figure 3-8 (a) presents a photograph of a rich (Φ=1.87) low pressure dimethyl ether 
(DME)/O2/Ar flame at 37 mbar (Paper VIII). The flame is stabilized on a porous 
plug burner similar to the standard McKenna burner, but without any co-flow 
around the flame. The center plug is 6 cm in diameter and is made of sintered bronze 
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with a copper water-cooling sling through the plug. Figure 3-8 (b) presents a 
photograph of a Φ=2.57 C2H4/air flame at atmospheric pressure (Paper VI). This 
sooty flame was stabilized on a porous plug burner 4.8 cm in diameter. A bluff body 
placed 14 mm above the burner surface was used for stabilizing the flame.  

   

Figure 3-8 (a) A Φ=1.87 DME/O2/Ar flame stabilized at 37 mbar on the low pressure burner. (b) A 
Φ=2.57 C2H4/air flame stabilized at atmospheric pressure on a porous plug burner 48 in mm diameter. 
The highly sooty flame is stabilized by a steel stabilizer located 14 mm above the burner.  
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4 Degenerate Four-Wave Mixing 

Degenerate four-wave mixing (DFWM) is a comparatively mature non-linear laser 
technique that has been applied extensively for the sensitive detection of trace 
molecular species. The DFWM signal is generated as a highly collimated beam in a 
four-wave mixing process that enables remote and zero background measurements 
to be obtained. At the same time, DFWM retains the merits of laser-based diagnostic 
techniques, such as nonintrusive detection, high temporal and spatial resolution, 
together with species and quantum-state selectivity.  

The theory of DFWM was first presented by Abrams and Lind in 1978 [19, 20], 
their work being followed up by a variety of other studies of DFWM theory (see, 
e.g. [21-28]). The first use of DFWM for combustion diagnostics was demonstrated 
for the detection of trace concentrations of atomic [29] and molecular [30] species 
in laminar flames. Since then, DFWM has been successfully applied for the 
detection of various transient and stable species in combustion environments by 
probing electronic transitions [31-37] and it has also been applied for temperature 
measurements in flames [38-42]. Many comprehensive reviews of the use of 
DFWM as a spectroscopic and combustion diagnostics technique have appeared as 
well (see, e.g [7, 9, 10]).  

IR-DFWM has been employed for the detection of HF [43], C2H2 [44-47], CH4 [44, 
46], CO2 [46], HCl [47, 48], NO2 [48], and N2O [46]. DFWM for the detection of 
C2H4 and SF6 in the far-infrared spectral region has also been demonstrated [49]. 
Sun et al. designed a set of BOXCARS plates for the stable alignment of IR-DFWM 
in the forward pump geometry [47] and applied a similar setup for obtaining flame 
temperature measurements through use of the relative intensity ratios of hot H2O 
lines [50]. All of these studies indicate that IR-DFWM can be a sensitive tool for 
the in situ detection of important radicals, pollutants and intermediate species 
present in combustion situations.  

In the thesis, the potential of IR-DFWM as a technique for the detection of trace 
species in combustion environments was tested by investigating the infrared 
spectrum at elevated temperatures of several small molecules of interest in 
combustion. The results of these studies were presented in Papers I, IV and V. In 
this chapter, a brief overview of the background theory of DFWM, together with 
theoretical equations for simulations of the DFWM signal, are presented. The 
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derivation of these equations is dealt with here only briefly. An empirical model for 
simulations of the IR-DFWM signal is taken up that has been derived from our 
experiments, in combination with theory. Comparisons between recorded 
absorption and IR-DFWM spectra show there to be an enhanced contrast for lines 
consisting of many closely spaced transitions in IR-DFWM than in absorption 
spectra. The possibility of applications of IR-DFWM to biomass combustion 
diagnostics is discussed based on measurements of CH3Cl, NH3 and OCS at elevated 
temperatures.  

 

Figure 4-1 Diagram of the two phase-matching geometries in DFWM: (a) the PCG and (b) the FPG 
alignment (the forward folded BOXCARS geometry).  

4.1 Theory of DFWM 

All non-linear wave-mixing processes need to fulfil the basic phase-matching 
conditions: the conservation of energy and the conservation of the momentum [51]. 
Degenerate four-wave mixing (DFWM) is a resonant four-wave mixing technique, 
one that utilizes absorption lines of molecules or atoms for the non-linear interaction 
between the laser beams and the medium. Energy conservation in the four-wave 
mixing process is automatically fulfilled in DFWM, since all the beams involved 
have the same frequency. The momentum condition for phase-matching is normally 
achieved in either the phase-conjugate geometry (PCG) or the forward pump 
geometry (FPG). These schemes are illustrated in Figure 4-1. Traditionally, two of 
the incoming beams are referred to as pump beams and the third as the probe beam, 
the beam that is generated through the four-wave mixing being referred to as the 
signal beam. In the PCG, the pump beams counter-propagate and the probe and the 
signal beams also counter-propagate, their crossing the pump beams at an angle. In 
the FPG, all incoming beams are aligned in the same general direction in crossing 
the measurement point, usually in a folded BOXCARS geometry. In practice, small 
angles are often used in the DFWM alignment, since this generally provides a 
stronger signal and better facilitates a theoretical treatment of the signal intensities 
[9].  

The first analytical expression used for the DFWM signal intensities was derived by 
Abrams and Lind in 1978 [19, 20], referred to as the Abrams and Lind model. This 
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is the most commonly used model for DFWM and it has been reviewed in several 
works (see e.g. [9, 10]). The derivation assumes the PCG alignment, as well as 
stationary two-level absorbers, an optically thin medium, and monochromatic laser 
beams, all the beams being polarized in the same direction and the probe beam 
having non-saturating intensity. On the basis of these assumptions, an analytical 
solution for the DFWM signal intensity can be found [9] 

 
𝐼𝐼𝑜𝑜𝑣𝑣𝑠𝑠 =

𝛼𝛼02𝐿𝐿2

(1 + 𝛿𝛿2) ⋅
4 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡2⁄

�1 + 4 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡⁄ �3
𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 

(14) 

 

where 𝛼𝛼0 is the line center absorption coefficient, 𝐿𝐿 is the length of the interaction 
region, 𝛿𝛿 is the normalized detuning, 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the pump laser intensity, 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 is the 
probe laser intensity and 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 is the saturation intensity. 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡, 𝛿𝛿 and 𝛼𝛼0 are defined 
as  

 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 =
ℏ𝐼𝐼𝜖𝜖0

2𝑇𝑇1𝑇𝑇2𝜇𝜇2
(1 + 𝛿𝛿2) (15) 

   

 𝛿𝛿 = (𝜔𝜔 −𝜔𝜔0)𝑇𝑇2 (16) 

   

 
𝛼𝛼0 =

𝜇𝜇2Δ𝑁𝑁0𝑘𝑘𝑇𝑇2
2𝜖𝜖0ℏ

 
(17) 

 

Here, 𝜇𝜇 is the transition dipole moment, 𝜔𝜔0 is the line center frequency, Δ𝑁𝑁0 is the 
population difference between the upper and lower states in the absence of an 
applied field, 𝐼𝐼 is the speed of light, 𝑘𝑘 is the magnitude of the wave vector, 𝜖𝜖0 is the 
vacuum permittivity and 𝑇𝑇1 and 𝑇𝑇2 are the population and coherence relaxation 
times, respectively. The population relaxation time 𝑇𝑇1 depends upon the population 
transfer rates for the upper and lower levels. The coherence relaxation time 𝑇𝑇2 
depends upon the population transfer rates, too, and also on the collisional 
quenching and the elastic dephasing collision rate [9]. 

As can be seen, the signal intensity depends upon the degree of saturation of the 
pump beams. The saturation intensity, in turn, is a function of the detuning, the 
dipole moment and the relaxation times. The absorption coefficient also depends 
upon the dipole moment, as well as upon the coherence relaxation time and the 
number density of the gas. Inserting Equations 15-17 into Equation 14, the signal 
intensity can be expressed as [9] 

 𝐼𝐼𝑜𝑜𝑣𝑣𝑠𝑠 ∝ 𝜇𝜇8𝑁𝑁2𝐿𝐿2 ⋅ 𝑇𝑇12𝑇𝑇24 ⋅
1

(1 + 𝛿𝛿2)3 ⋅ 𝐼𝐼
3, 𝐼𝐼 ≪ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 

(18) 
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 𝐼𝐼𝑜𝑜𝑣𝑣𝑠𝑠 ∝ 𝜇𝜇2𝑁𝑁2𝐿𝐿2 ⋅
𝑇𝑇2
𝑇𝑇1

, 𝐼𝐼 ≥ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 
(19) 

 
these being for unsaturating and saturating laser intensities, respectively. 𝐼𝐼 denotes 
the laser intensity, its being assumed that the probe and the pump beams originate 
from the same laser, and 𝑁𝑁 is the total number density of the gas. Since 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 depends 
upon the detuning from the line center, the degree of saturation over the absorption 
line varies. In many diagnostic applications, the line-integrated signal 𝐼𝐼𝑣𝑣𝑖𝑖𝑡𝑡 is of 
greater interest than the peak signal. Equations 20 and 21 show the expressions for 
𝐼𝐼𝑣𝑣𝑖𝑖𝑡𝑡 [9] 

 𝐼𝐼𝑣𝑣𝑖𝑖𝑡𝑡 ∝ 𝜇𝜇8𝑁𝑁2𝐿𝐿2𝑇𝑇12𝑇𝑇23𝐼𝐼3, 𝐼𝐼 ≪ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡0  (20) 

 
 𝐼𝐼𝑣𝑣𝑖𝑖𝑡𝑡 ∝ 𝜇𝜇3𝑁𝑁2𝐿𝐿2�𝑇𝑇2 𝑇𝑇1⁄ 𝐼𝐼1 2⁄ , 𝐼𝐼 ≥ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡0  (21) 

where 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡0  is the line center saturation intensity. For quantitative concentration 
measurements it is favorable to make use of saturating laser intensities, since the 
saturated signals are much less dependent on relaxation times, collisional quenching 
and laser intensity fluctuations [9, 23, 52]. It is important that one know the degree 
of saturation, since the dependence of the signal on 𝜇𝜇 changes dramatically from 
unsaturating to saturating laser beams.  

4.1.1 Modelling of the DFWM signal 

Despite the many assumptions made in the derivation of the Abrams and Lind 
model, it has been shown to be surprisingly accurate for a variety of cases (see, e.g. 
Refs. [23, 29, 33]). Nevertheless, it is important to bear in mind that in the derivation 
of the model, some basic assumptions were made that do not necessarily agree with 
the conditions present in a real measurement situation.  

Direct numerical integration (DNI) is a powerful tool for solving complicated 
equations that have no analytical solution. It can be applied for solving density 
matrix equations numerically and thus for simulating the DFWM signal in many 
different situations. The DNI process is time-consuming, however, and requires the 
use of powerful computers. DNI has been employed for simulations of DFWM 
signals under the influence of such factors as Doppler broadened lines [25], 
collisional quenching [52], closely spaced resonances [24], degenerate energy levels 
[22] and the forward pump geometry [26]. An experimental study [23] of saturated 
DFWM for quantitative concentration measurements demonstrated that saturated 
DFWM generates stronger signals that are less sensitive to collisions and 
absorption. For a primarily Doppler broadened resonance, the dependence of the 
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signal upon the Doppler broadening (𝛥𝛥𝜔𝜔𝐷𝐷) and collision broadening (𝛥𝛥𝜔𝜔𝐶𝐶) was 
found to follow the relations  

 𝐼𝐼1 2⁄ ∝ 𝐼𝐼3 2⁄ (1 𝛥𝛥𝜔𝜔𝐷𝐷⁄ )(1 𝛥𝛥𝜔𝜔𝐶𝐶⁄ )2, 𝐼𝐼 ≪ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡0  (22) 

 
 𝐼𝐼1 2⁄ ∝ 𝐼𝐼<1 2⁄ (1 Δ𝜔𝜔𝐷𝐷⁄ )(1 Δ𝜔𝜔𝐶𝐶⁄ )<1 2⁄ , 𝐼𝐼 ≥ 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡0  (23) 

 
Several studies of DFWM theory have also been carried out in an attempt to find an 
analytical solution that can simulate more general cases than the Abrams and Lind 
model does (see, e.g. [21, 22, 42, 52-67]). Most studies in this area have been 
concerned with the PCG alignment. The FPG alignment has been dealt with, for 
example, in [26, 68, 69]. Bratfalean et al. [27] derived an analytical expression for 
the DFWM signal applicable to all phase-matching schemes and arbitrary pump and 
probe intensities, one which has been shown to work for simulations of saturating 
DFMW signals in the case of closely spaced transitions [28].  

The Abrams and Lind model predicts the dependence of the signal upon the 
transition dipole moment 𝜇𝜇 for saturating and for unsaturating pump laser intensities 
to be different. Farrow et al. [33] investigated experimentally how the DFWM 
signal for NO in flames depended upon the transition dipole moment 𝜇𝜇 for different 
laser intensities. They found that the line-integrated signal followed a power law 
dependence 𝜇𝜇𝑥𝑥, where 𝑥𝑥 was found to depend upon the degree of saturation. The 
experiments carried out showed that 𝑥𝑥=11 at non-saturating laser intensities and 𝑥𝑥=4 
at saturating intensities, the x-values being intermediate to these at intermediate 
laser intensities. This result is similar to the values 𝑥𝑥=8 and 𝑥𝑥=3 that were predicted 
by the Abrams and Lind model for saturating and unsaturating laser beams, 
respectively.  

4.1.2 Closely spaced resonances in DFWM 

Most theoretical studies of DFWM signals have been concerned with isolated lines. 
However, most molecular spectra are complicated, several transitions overlapping 
at nearly the same frequency. Closely spaced transitions have been studied 
numerically by use of DNI [24] as well as experimentally [28, 70]. It was shown 
that the coherent addition of signals from different transitions add together like 
coherent laser beams [24]. Just as in the case of adding coherent laser beams, the 
signals from the different transitions were found to be able to interfere 
constructively if the fields are in phase, or destructively if the signals are out of 
phase, this leading to either an increase or a decrease in the signal as compared with 
a signal from an isolated line [24]. It has also been shown that accurate knowledge 
of the spectral profile of the laser [28] and of the positions of the spectral lines [70] 



  

30 

 

is crucial for simulations of DFWM spectra. These studies have been mainly 
concerned, however, with cases in which only a few transitions overlap. In several 
cases in molecular spectra, for example in band heads or Q-branches, there can be 
more than 50 transitions within the spectral line width of a single line [14].  

It is clear that simulating the DFWM signal for a complex molecular spectrum is 
more complicated than doing so for a single line. This is illustrated in Figure 4-2 
(Paper I), which shows the measured absorption spectrum and the IR-DFWM 
spectrum of CH3Cl. Both spectra are compared with simulations using data from 
HITRAN. The Q-branches of CH3Cl consist of many closely spaced transitions. It 
can be clearly seen in Figure 4-2 that the IR-DFWM signal for the Q-branches is 
much stronger than that for the P-and R-branch transitions, and that this contrast is 
much stronger than that for the absorption spectrum. This supports the argument 
that coherent addition of several closely spaced transitions results in a much stronger 
DFWM signal than the sum of the signals from each of the separate transitions does.  

 

Figure 4-2 (a) A measured (blue) and simulated (red) absorption spectrum of 5900 ppm CH3Cl diluted 
in N2 at 296 K and 1 atm. Selected Q-branch lines of CH3Cl are identified in the figure. (b) A measured 
(blue) and simulated (red) IR-DFWM spectrum of 1546 ppm CH3Cl diluted in N2 at 296 K and 1 atm. 
Comparing (a) and (b) highlights the way in which the non-linear IR-DFWM technique enhances the 
line strength of the Q-branches of high transition density. (The figure is taken from Paper I) 

The simulated IR-DFWM spectra shown in Figure 4-2, and in the remainder of the 
thesis, assumes a simplified empirical equation based on the theories available [19, 
20, 33]. The IR-DFWM signal is assumed to follow the relation 
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 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∝ 𝜎𝜎(𝜈𝜈)2𝑁𝑁2 (24) 

where 𝜎𝜎(𝜈𝜈) is the absorption cross section as a function of the wavenumber 𝜈𝜈. This 
assumes a 𝜎𝜎2 ∝ 𝜇𝜇4 relation, which has been found to work well for the simulation 
of saturating DFWM signals [33]. The effects of laser energy fluctuations are not 
taken into account. The relaxation times and collision effects are assumed to be the 
same for the lines in the spectral range which is simulated. This equation is not 
intended for quantitative measurements, but rather for comparing measured IR-
DFWM spectra with spectral parameters from databases for purposes of line 
identification. The absorption cross section 𝜎𝜎(𝜈𝜈) is simulated using the following 
relation 

 𝜎𝜎(𝜈𝜈) = �𝑆𝑆𝑣𝑣𝑔𝑔(𝜈𝜈)
𝑣𝑣

 (25) 

where 𝑆𝑆𝑣𝑣 is the line strength from the HITRAN database and 𝑔𝑔(𝜈𝜈) is the line shape 
function. Thus, the equation for DFWM simulation becomes  

 
𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∝ ��𝑆𝑆𝑣𝑣𝑔𝑔(𝜈𝜈)

𝑣𝑣

�
2

𝑁𝑁2 
(26) 

 

The absorption spectrum is simulated using Beer-Lambert’s law 

 𝐴𝐴 = 1 − 𝑒𝑒−𝑁𝑁𝑁𝑁(𝜈𝜈)𝐿𝐿 (27) 

where 𝐿𝐿 is the length of the absorption path. Comparing the measured with the 
simulated absorption spectrum shows the spectral information for CH3Cl in the 
HITRAN database to be quite complete in this spectral range. The agreement 
between the simulated and measured IR-DFWM spectrum in Figure 4-2 is 
reasonably good for the Q-branch lines, while it is less good for the P- and R-branch 
lines. The discrepancies indicate that the simple model used for the simulations here 
is not completely accurate for simulations of the complex CH3Cl spectrum.  

4.2 Experimental setup 

A typical experimental setup in IR-DFWM experiments is shown in Figure 4-3. A 
more detailed description of the experimental setups used is given in Papers I, II, IV 
and V.  

The mid-infrared laser beam is overlapped with a HeNe laser beam for alignment 
purposes. A telescope of CaF2 lenses gives a collimated beam with ~2 mm beam 
diameter. The beams are passed through a set of BOXCARS plates, described in 
Chapter 3, which split the beam into four parallel beams aligned in four corners of 
a square. Three of these beams are crossed and focused using a CaF2 lens, the 
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crossing point being aligned at the measurement point of interest. The signal beam 
is generated along the path of the fourth beam and is collimated, spatially filtered 
and aligned to be focused onto the detector. For most of the experiments reported 
on in the thesis (Papers I, IV and V) the InSb detector was used. For the study 
reported on in Paper II, the upconversion detector was also used for signal detection, 
and was found to be much more sensitive than the InSb detector.  

 

Figure 4-3 Schematic of the IR-DFWM alignment. BP: BOXCARS plates, DM: Dichroic mirror, L: 
CaF2 lens, D: InSb detector, Osc: Oscilloscope.  

In Papers I, IV and V, the heating tube (described in Chaper 3) was used for creating 
stable gas flows either at room temperature or at elevated temperatures. The 
measurement point was aligned in the middle section at the top of the heating tube, 
the concentration of the investigated species in the gas flow being adjusted by 
diluting the gas flow with different flows of buffer gas.  

4.3 High resolution mid-infrared spectra at elevated 
temperatures 

In flames, because of the high temperatures involved, the structure of the spectral 
lines is different from that of room-temperature spectra. In addition to this, there is 
often severe interference from hot water vapor, which has a large number of 
absorption lines in the mid-infrared region. Thus, it is important to have accurate 
knowledge of the line positions and the relative line strength of the molecular 
spectra at elevated temperatures, so as to facilitate the identification of species from 
recorded IR-DFWM spectra. Unfortunately, the spectral information found in the 
HITRAN database [14] for molecules that are of interest for combustion is not 
always complete at elevated temperatures.  

The most common method for recording mid-infrared spectra is Fourier-Transform 
infrared spectroscopy (FTIR) [16, 71-74]. The main hardship in using a line-of-sight 
technique such as FTIR for measurements at elevated temperatures is the difficulty 
of creating a sample with a homogeneous temperature along the entire measurement 
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path. Variations in temperature along the measurement path can introduce 
distortions in the spectral features. Nevertheless, the high temperature mid-infrared 
spectra of several small hydrocarbons has been investigated with use of FTIR [75-
77].  

IR-DFWM, a technique with high spatial resolution, is ideal for high temperature 
measurements of mid-infrared spectra, since the gas temperature needs only to be 
homogeneous in a small detection volume. Thus, the IR-DFWM technique can be 
useful as a complement to FTIR for the detection of line positions and the relative 
intensities of hot lines crucial for spectroscopic data simulations. It should be borne 
in mind, however, that IR-DFWM spectra are less straightforward to relate to 
absorption cross sections than FTIR spectra are.  

In Paper IV, IR-DFWM was employed for investigating the mid-infrared spectra 
located at around 3-3.4 μm of four small hydrocarbons, CH4, C2H2, C2H4 and C2H6, 
at atmospheric pressure and at temperatures of up to 820 K. Details of the 
experiments and of the results are presented in Paper IV. The purpose of the 
measurements was partly to provide a database for hot hydrocarbon lines at elevated 
temperatures, and partly to test the sensitivity of IR-DFWM at elevated 
temperatures, so as to evaluate the potential it has for in situ combustion diagnostics.  

Biomass is a promising sustainable alternative to fossil fuels [1, 4, 5]. However, the 
complicated chemical compositions in fuels containing the elements Cl, K and S 
requires a comprehensive knowledge-based understanding of the fate of these 
elements in different thermochemical processes such as combustion or gasification. 
Halogenated hydrocarbons such as methyl chloride (CH3Cl) can be a major part of 
the chlorine carrier present in syngas obtained from biomass gasification. In 
addition, CH3Cl is the most abundant halogenated hydrocarbon in the atmosphere, 
a significant amount of this CH3Cl being produced during biomass combustion [78]. 
Ammonia (NH3) is a key species for the catalytic and non-catalytic reduction of 
nitric oxides (NOx) in combustion processes [79]. NH3 is often generated during the 
pyrolysis and gasification of biomass [80, 81]. Carbonyl sulfide (OCS) is a toxic 
pollutant that can be released during biomass combustion in which the biomass 
contains large amounts of sulfur [82-84]. The importance of these and many other 
species for biomass combustion and pollution control makes it of considerable 
interest to develop a non-intrusive in situ technique for providing spatially resolved 
measurements of these species in biomass processes. The mid-infrared spectra of 
CH3Cl (Paper I), NH3 (Paper V) and OCS, at room and elevated temperatures, were 
investigated using IR-DFWM. The final aim of these studies was to test the 
applicability of IR-DFWM for diagnostics in biomass combustion situations. 

Figure 4-4 shows the spectrum of 13,800 ppm OCS diluted in an N2 gas flow at 
820 K and atmospheric pressure. The lines originate from the 2v3, v1+2v3-v1, 
v2

1+2v3-v2
1 and 2v2

2+2v3-2v2
2 overtone and combination bands of OCS. The 
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spectrum is compared with a simulation using data from the HITRAN database. At 
elevated temperatures, the band heads of the OCS bands, particularly of the 2v3 
band, give rise to strong signals in the spectrum. This greatly increases the detection 
limit of the measurements, which shows a clear potential for the applicability of IR-
DFWM to OCS diagnostics during biomass combustion. Future work should 
include attempts to carry out in situ measurements of OCS in the burning of wood 
pellets, so as to evaluate the potential diagnostics applications of IR-DFWM.  

 

Figure 4-4 An IR-DFWM spectrum (blue) of 13,800 ppm OCS diluted in an N2 gas flow at 820 K and 
1 atm, compared with a simulation using data from HITRAN (red).  
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5 Laser-Induced Thermal Grating 
Spectroscopy  

Laser-induced grating spectroscopy (LIGS) is a versatile laser diagnostics technique 
that has been used for measurements of temperature [85-89], speed of sound [90, 
91], thermal diffusivity [92], flow velocity [88], local fuel concentrations [93], 
molecular relaxation processes [94-98] and physiochemical properties of ionic 
liquids [99, 100]. LIGS has likewise been observed as an interfering signal in 
DFWM experiments, particularly at higher pressures [49, 101, 102]. Its potential for 
providing accurate temperature measurements in complicated combustion 
environments makes LIGS an attractive technique for combustion diagnostics [10, 
87, 89]. 

In LIGS, two high-power pump laser beams are crossed and the interference 
between the beams is used to create a laser-induced grating (LIG). Electrostriction 
from the strong electric fields in the pump beams compresses molecules at the 
crossing point, generating an electrostricitve LIG. Resonant absorption of the laser 
field and subsequent thermalization of the absorbed laser energy generates a thermal 
LIG, or a LITG. For strong resonant absorption, the contribution of electrostriction 
to the LIG is usually negligible as compared with the thermal contribution [10]. The 
technique is referred to then as laser-induced thermal grating spectroscopy (LITGS).  

In the thesis, LITGS measurements obtained using mid-infrared pump lasers (IR-
LITGS) were investigated, the results of the studies being summarized in Papers III, 
VI and VII. This chapter presents a theoretical analysis of LITGS, along with 
selected results of the measurements performed by our group.  

5.1 Theory of LITGS 

The present section is concerned with the basic theory of LITGS. Figure 5-1 shows 
the principle alignment in LITGS. Two high-power laser beams are aligned so as to 
cross at the angle 𝜃𝜃 [90, 102]. Interference between the coherent pump laser beams 
leads to the formation of “fringes” with alternately low and high laser intensities in 
the crossing volume. The spacing, 𝛬𝛬, between the fringes is given by [103] 
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Figure 5-1 Schematic of the principle alignment in LITGS. Two high-power laser beams (pump 
beams) cross at an angle 𝜃𝜃. The interference between these two coherent beams leads to a spatial 
distribution of the laser intensity. Absorption of the beams along the high intensity fringes and 
subsequent thermalization of the laser energy creates a LITG. Rapid density modulation due to heating 
of the gas creates a standing acoustic wave that propagates perpendicular to the grating planes. The 
probe beam is aligned so as to cross the LITG at the Bragg angle, the scattering of the pump beam off 
the LITG forming the signal.  

 
𝛬𝛬 =

𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
2 sin(𝜃𝜃 2)⁄  

(28) 

 

where 𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the wavelength of the pump laser. When the laser beams are 
resonant with an absorption line of a species in the medium, molecules along the 
high intensity laser fringes are excited to higher energy levels. Collisional 
quenching then transforms the excitation energy into local heating of the gas. The 
refractive index of the medium becomes spatially modulated due to alternately high 
and low temperatures across the fringes of the interference pattern, this resulting in 
a laser-induced thermal grating (LITG) being formed. In addition to this stationary 
LITG, the rapid changes in the density of the medium through temperature changes 
generates two counter-propagating acoustic waves that propagate perpendicular to 
the fringe plane. The resulting standing acoustic wave causes a time-evolving 
oscillation of the refractive index, which oscillates at the frequency 𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜 defined as 
[90]  

 𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜 =
𝑣𝑣𝑜𝑜
𝛬𝛬

 (29) 
 

where 𝑣𝑣𝑜𝑜 is the speed of sound within the medium. The stationary LITG decays 
exponentially at a rate that depends upon the thermal diffusivity of the medium [10]. 
The acoustic wave decays due to viscous damping [90, 104]. In addition to this, if 
the measurement volume is sufficiently small, the waves will propagate out of the 
volume [103] and the oscillations in the signal will decay at a rate determined by 
the acoustic transit time 𝜏𝜏𝑡𝑡𝑟𝑟, which is defined as [104] 
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 𝜏𝜏𝑡𝑡𝑟𝑟 =
𝑤𝑤

√2𝑣𝑣𝑜𝑜 cos(𝜃𝜃 2⁄ )
≈

𝑤𝑤
√2𝑣𝑣𝑜𝑜

 (30) 

 

where 𝑤𝑤 is the radius of the pump beams at the LITG. In many cases, the decay of 
the acoustic oscillations due to viscous damping is negligible compared to the 
acoustic transit time.  

The dynamic generation and decay of the LITG is probed by a probe laser beam 
with wavelength 𝜆𝜆𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒, which is aligned to intersect the LITG at the Bragg 
angle 𝜃𝜃𝐵𝐵 given by  

 𝜃𝜃𝐵𝐵 =
𝜆𝜆𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒

2𝛬𝛬
 (31) 

 

This probe laser is usually a continuous wave (CW) laser of arbitrary wavelength. 
The scattering of the probe beam by the LITG results in the signal. The intensity of 
the LITGS signal scales linearly with the probe laser power and quadratically with 
the concentration of the absorbing species. 

5.1.1 Simulations of the LITGS signal 

The time evolution of a LITG is strongly influenced by the time scale of the 
thermalization of the pump laser energy. A model for simulations of the LITGS 
signals of O2 excited to the 𝑏𝑏1Σ𝑠𝑠+ state has been developed by Hemmerling and 
Kozlov [94]. Their model assumes a three-stage energy exchange by the excited 
molecules with the medium: rotational, electronic and vibrational collisional 
relaxation. This model has been shown to work well for simulation of LITGS signals 
in both pure O2 [94] and in mixtures of O2/CO2 [95] and O2/H2 [97]. Kozlov et al. 
[99, 100] have applied a similar model for the simulation of LITGS signals 
generated in ionic liquids, assuming in that case a two-stage energy transfer model.  

In Ref. [94], the rotational relaxation was assumed to be instantaneous, i.e. to occur 
in a time scale shorter than the pump laser pulse duration, while the electronic 
relaxation happened on a slower but relatively fast time scale, the vibrational 
relaxation being even slower. The experimental work presented here utilizes ro-
vibrational transitions for formation of the LITG. Since the electronic relaxation is 
absent in this case, a two-stage energy exchange model, similar to the one employed 
by Kozlov et al. [99, 100], is assumed for simulation of the IR-LITGS signals. The 
rotational relaxation is assumed to occur instantaneously, while the relatively slow 
vibrational relaxation is assumed to be characterized by a single time constant 𝜏𝜏𝑟𝑟. 
This time constant has been shown to depend both on the rate of the energy 
exchange and on the rate of diffusion [94, 97]. With these assumptions, the LITGS 
signal (without accounting for electrostriction) can be simulated as [94, 99, 100] 
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 𝐼𝐼𝐿𝐿𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿 ∝ �𝑀𝑀𝑣𝑣[cos(2𝜋𝜋𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡) ⋅ exp(−(𝑡𝑡 𝜏𝜏𝑡𝑡𝑟𝑟⁄ )2)− exp(−𝑡𝑡 𝜏𝜏𝑡𝑡ℎ⁄ )] +

𝑀𝑀𝑟𝑟 ��
𝑘𝑘𝑓𝑓

1+𝑘𝑘𝑓𝑓
sin(2𝜋𝜋𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡) + 1

1+𝑘𝑘𝑓𝑓
cos(2𝜋𝜋𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡)� exp(−(𝑡𝑡 𝜏𝜏𝑡𝑡𝑟𝑟⁄ )2)−

�exp(−𝑡𝑡 𝜏𝜏𝑡𝑡ℎ⁄ )−exp�−𝑡𝑡 𝜏𝜏𝑓𝑓⁄ ��
𝜏𝜏𝑓𝑓�1 𝜏𝜏𝑓𝑓⁄ +1 𝜏𝜏𝑡𝑡ℎ⁄ �

− 1
1+𝑘𝑘𝑓𝑓

2 exp�− 𝑡𝑡 𝜏𝜏𝑟𝑟⁄ ���
2
  

(32) 

 
 
 

 

The constant 𝑘𝑘𝑟𝑟 is defined as 𝑘𝑘𝑟𝑟 = 2𝜋𝜋𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜𝜏𝜏𝑟𝑟. The acoustic transit time 𝜏𝜏𝑡𝑡𝑟𝑟 is 
assumed to be the dominant factor in the decay of the oscillations. Dissipation of 
the stationary density modulation by thermal diffusion is accounted for by the term 
𝜏𝜏𝑡𝑡ℎ, which is related to the thermal diffusivity of the medium [92, 94]. 𝑀𝑀𝑣𝑣 and 𝑀𝑀𝑟𝑟 
are scaling factors for the contributions to the LITG from the instantaneous and slow 
energy exchange, respectively. The first part of Equation 32 thus describes the LITG 
arising from instantaneous energy exchange, and the second part describes the LITG 
arising from the slow energy exchange [94].  

Figure 5-2 shows simulations of the LITGS signal from (a) instantaneous energy 
exchange, (b) slow energy exchange and (c) a combination of both instantaneous 
and slow energy exchange by the excited molecules with the medium. The signals 
are simulated by setting different values for the scaling factors 𝑀𝑀𝑣𝑣 and 𝑀𝑀𝑟𝑟. The other 
parameters in the simulation are set as 𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜=10 MHz, 𝜏𝜏𝑡𝑡𝑟𝑟=0.4 μs, 𝜏𝜏𝑡𝑡ℎ=1.44 μs and 
𝜏𝜏𝑟𝑟=0.5 μs.  

 

Figure 5-2 Simulation of the LITGS signals assuming (a) instananeous energy exchange, (b) slow 
energy exchange and (c) a combination of both instantaneous and slow energy exchange. The 
simulation assumes that fosc=10 MHz, τtr=0.4 μs, τth=1.44 μs and τf=0.5 μs.  

The signal in Figure 5-2 (a) is simulated by setting 𝑀𝑀𝑣𝑣=1 and 𝑀𝑀𝑟𝑟=0, i.e. assuming 
the LITG is formed through an energy exchange that occurs fast enough to be 
approximated as being instantaneous. This generates a LITGS signal showing strong 
oscillations at the beginning of the signal. The contrast of the oscillations in the 
LITGS signal is defined as (𝐼𝐼𝑝𝑝𝑎𝑎𝑥𝑥 − 𝐼𝐼𝑝𝑝𝑣𝑣𝑖𝑖) (𝐼𝐼𝑝𝑝𝑎𝑎𝑥𝑥 + 𝐼𝐼𝑝𝑝𝑣𝑣𝑖𝑖)⁄  where 𝐼𝐼𝑝𝑝𝑎𝑎𝑥𝑥 is the signal 
intensity at the peak of an oscillation and 𝐼𝐼𝑝𝑝𝑣𝑣𝑖𝑖 is the signal intensity at the following 
minimum [105]. For instantaneous energy exchange, such as for the signal shown 
in Figure 5-2 (a), the contrast of the first oscillation is equal to one. The oscillations 
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then decay as the acoustic wave moves out of the measurement volume, and the 
stationary part of the signal decays due to thermal diffusion.  

The signal shown in Figure 5-2 (b) is simulated by assuming instead that 𝑀𝑀𝑣𝑣=0 and 
𝑀𝑀𝑟𝑟=1, i.e. the LITG is formed through a slow energy exchange characterized by the 
time constant 𝜏𝜏𝑟𝑟=0.5 μs. This favors the formation of a stationary grating, and the 
oscillations in the signal are suppressed. The stationary signal rises relatively 
slowly, peaking about 0.8 μs after the pump laser pulses, after which the signal 
decays due to thermal diffusion.  

Figure 5-2 (c) shows a LITGS signal that is simulated by assuming 𝑀𝑀𝑣𝑣=1 and 𝑀𝑀𝑟𝑟=1, 
i.e. equal contributions from the instantaneous and slow energy exchange. The first 
part of this signal shows strong oscillations, the contrast being close to one, which 
is similar to that for the signal from the instantaneous energy exchange [94]. As the 
oscillations decay, the stationary part of the signal becomes more dominant due to 
the slow energy exchange [94].  

5.1.2 Temperature measurements with LITGS 

The frequency of the acoustic oscillations in the LITGS signal depends upon the 
speed of sound, as defined in Equation 29. The speed of sound for a gas can be 
calculated as [85, 102]  

 
𝑣𝑣𝑜𝑜 = �

𝑇𝑇𝑅𝑅𝑝𝑝𝛾𝛾
𝑀𝑀𝑠𝑠𝑎𝑎𝑜𝑜

 
(33) 

 

where 𝛾𝛾 is the specific heat ratio of the gas, 𝑅𝑅𝑝𝑝 is the universal gas constant, 𝑀𝑀𝑠𝑠𝑎𝑎𝑜𝑜 
is the mean molecular weight of the gas and T is the temperature. This means that 
the temperature of a gas can be determined from the oscillation frequency of a 
LITGS signal, as long as the gas composition is known. Since temperature 
measurements with LITGS are dependent on measurements of a frequency in the 
time-resolved signal, the LITGS signal is less influenced by intensity fluctuations 
in the signal than for example coherent anti-Stokes Raman scattering [87]. This 
means temperature measurements using LITGS has the potential for high precision 
[10, 87, 89].  

The requirement of knowing the gas composition is the major challenge for flame 
temperature measurements using LITGS, since the composition of the species 
present in the combustion region needs to be known in order to achieve accurate 
flame temperature measurements [87, 89]. For many flames, however, reasonable 
estimates of the major species concentrations in the flame are available in the 
literature. 
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5.2 Experimental setup 

A schematic of a typical IR-LITGS experimental setup is shown in Figure 5-3. A 
more detailed account of the setup used in the different experiments is given in the 
papers in question. The pump laser beams were produced by a mid-infrared laser 
source. In Paper III, the pump beams were generated by the IR-OPO, whereas in the 
studies reported on in Papers VI and VII, the pump beams were produced by the 
difference-frequency-mixing unit. The mid-infrared laser beam was overlapped 
with a HeNe laser beam to facilitate the alignment. The laser beam was split into 
two pump beams that were crossed by use of a CaF2 lens, thus generating a LITG at 
the crossing point.  

The CW probe laser was aligned so as to cross LITG at the Bragg angle. The 
scattered signal beam was directed at a photomultiplier tube. For efficient 
diffraction of the probe beam, the requirement for Bragg diffraction needs to be met 
[103]  

 𝑤𝑤 𝛬𝛬⁄ >
1

2√2�𝜆𝜆𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝⁄ �
 (34) 

 

The proper choice of pump beam geometry in a LITGS experiment, with respect to 
efficient diffraction of the probe beam, good spatial resolution and a proper number 
of oscillations in the signal, has been discussed by Hemmerling et al. [103]. The 
crossing angle and the pump beam radius in the measurement volume should be 
selected carefully with respect to the spatial resolution and the acoustic transit time 
needed for the measurements, while making sure the condition for efficient 
diffraction, as specified in Equation 34, is also met.  

 

Figure 5-3 Schematic of the LITGS setup. DM: dichroic mirror, GM: gold mirror, M: aluminum 
mirror, L: CaF2 lens, BS: 50/50 beamsplitter, IF: interference filter, PMT: photomultiplier tube, Osc: 
oscilloscope.  
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5.3 Applicability of IR-LITGS 

5.3.1 IR-LITGS signal shapes 

This section presents IR-LITGS signals recorded in gas flows at 296 K and 1 atm. 
Different types of hydrocarbon species that were seeded into the gas flows acted as 
absorbers in the generation of the LITG. It will be shown how the shape of the IR-
LITGS signal is affected by the rate of the energy exchange by the absorbing 
molecules with the medium, which is affected by the absorbing species and by the 
buffer gas environment. The effect of the alignment geometry and pump laser source 
on the shape of the IR-LITGS signals is also briefly discussed. The experimental 
IR-LITGS signals are compared with simulations by use of Equation 32. Comparing 
the results of the simulations with the measurements shows the possibilities of 
investigating ro-vibrational relaxation processes with IR-LITGS.  

Absorbing species  
Since relaxation processes differ for different molecules, the shape of the LITGS 
signal will depend on the absorbing species. Figure 5-4 shows IR-LITGS signals 
generated in an atmospheric gas flow of N2 containing small admixtures of either 
CH4 or C2H2. The pump laser was resonant with the R(3) line of the v3 band at 
3057.7 cm-1 in CH4 in Figure 5-4 (a), and with the P(9) line of the v2+(v4+v5)0 band 
at 3260.4 cm-1 in C2H2 in Figure 5-4 (b). The signals were generated with a 5.65° 
crossing angle between the pump beams, this resulting in a grating spacing of 
~31 μm (varying slightly depending upon the pump laser wavelength involved). The 
measurements in Figure 5-4 are compared with simulated IR-LITGS signals, the 
parameters for the simulations being summarized in Table 5-1. 

 

Figure 5-4 IR-LITGS signals recorded in a gas flow of N2 at 1 atm and 296 K with an admixture of 
(a) 2200 ppm CH4 and (b) 280 ppm C2H2. The signals are an average of 500 shots. The parameters for 
the simulated signals are summarized in Table 5-1. The intensity of the simulated IR-LITGS signals 
was normalized to the best fit to the measurements.  
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Table 5-1 The parameters for the simulations in Figure 5-4. 
 𝑀𝑀𝑣𝑣 𝑀𝑀𝑟𝑟⁄  𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜  /MHz 𝜏𝜏𝑡𝑡𝑟𝑟 /μs 𝛬𝛬 /μm 𝜏𝜏𝑡𝑡ℎ /μs 𝜏𝜏𝑟𝑟 /μs 

CH4 0.91 10.6 0.32 32.9 1.28 0.66 
C2H2 0.015 11.5 0.32 30.3 1.09 0.5 

 

The acoustic oscillations in the signals decay due to the acoustic waves travelling 
out of the measurement volume, and the stationary part decays due to thermal 
diffusion. The thermal diffusivity of N2 was taken to be 21.4 mm2/s (Paper III). The 
concentration of the hydrocarbons was assumed to have a negligible impact on the 
thermal diffusivity in the gas flow. The decay time due to thermal diffusion, 𝜏𝜏𝑡𝑡ℎ, 
was calculated on the basis of the grating spacing 𝛬𝛬 and the thermal diffusivity [94, 
99, 100].  

It is clear from the IR-LITGS signals shown in Figure 5-4 that the energy exchange 
by the excited molecules with the medium differ markedly for CH4 and C2H2 for the 
bands in question. In CH4, the contribution to the signal stemming from 
instantaneous and from slow energy exchange are almost equal, leading to strong 
oscillations in the first part of the signal, and later a slowly varying signal arising 
from the slow energy exchange. In C2H2, in contrast, the signal from the 
instantaneous energy exchange is almost completely absent, the major part of the 
signal stemming from the slow energy exchange. This leads to the acoustic 
oscillations being reduced compared to the stationary LITG.  

The simulations also indicate that the slow energy exchange is more rapid in C2H2 
than in CH4. This could be caused by different diffusion rates for the different 
molecules [94]. Further studies are needed in order to be able to make any 
quantitative statements regarding the energy exchange rates or relaxation paths in 
these molecules. The measurements presented here illustrate the potential of 
studying ro-vibrational relaxation processes by use of IR-LITGS. 

As can be seen in Figure 5-4 (a) there is a “beating” in the oscillations of the IR-
LITGS signals. This can occur when the pump beams are not perfectly collimated 
in the measurement volume. When such is the case, the grating spacing varies 
slightly over the LITG. Thus, the signal shows a beating between the acoustic 
oscillations from the different parts of the LITG, these having slightly different 
frequencies. This was discussed in more detail in Paper VII.  

Buffer gas 
Various buffer gases differ considerably in the oscillation frequency of the LITGS 
signals, reflecting the difference in the speed of sound in the gases [90]. The shape 
of the LITGS signal also depends upon the buffer gas environment, since the 
relaxation processes taking place in the molecules in question depend upon the 
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collisional environment [95, 97]. Figure 5-5 shows IR-LITGS signals from 280 ppm 
of CH4 diluted in N2 and in CO2 gas flows, respectively. The pump laser was 
resonant with the R(3) line of the v3 band in CH4 at 3057.7 cm-1 and the crossing 
angle between the pump beams was 5.65°. The measurements in Figure 5-5 are 
compared with simulated IR-LITGS signals, the parameters for the simulations 
being summarized in Table 5-2. The thermal diffusivity of CO2 was taken to be 
10.7 mm2/s (Paper III). 

Figure 5-5 clearly shows that the shape of the IR-LITGS signal depends upon the 
buffer gas environment, as well as on the absorbing species. The differing oscillation 
frequencies of the signals reflects the differences in the speed of sound between N2 
and CO2. The decay times illustrate the differences between the two gases in their 
thermal diffusivity. The simulations show that the time scale of the slow energy 
exchange by the excited molecules with the medium is the same for the CO2 and the 
N2 buffer gas, but that the two buffer gases differ in the ratio of the respective 
contributions of the instantaneous and slow energy exchange to one another.  

The intensity of the IR-LITGS signal is much stronger for CH4 when it is diluted in 
the CO2 gas flows, due to the stronger collisional quenching that occurs in CO2 than 
in N2. The stronger quenching in CO2 seems to affect the slow energy exchange 
more than the instantaneous, leading to the signal from the slow energy exchange 
being more dominant in the CO2 flow than in the N2 flow. Similar results have been 
found for LITGS signals generated in O2 mixed with different concentrations of CO2 
[95].  

 

Figure 5-5 The IR-LITGS signals obtained for 280 ppm CH4 diluted in (a) N2 and (b) CO2, at 1 atm 
and 296 K. The signals are an average of 500 shots. The intensity of the simulated IR-LITGS signals 
was normalized to the best fit to the measurements.  

Table 5-2 The parameters for the simulations in Figure 5-5. 
 𝑀𝑀𝑣𝑣 𝑀𝑀𝑟𝑟⁄  𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜  /MHz 𝜏𝜏𝑡𝑡𝑟𝑟 /μs 𝛬𝛬 /μm 𝜏𝜏𝑡𝑡ℎ /μs 𝜏𝜏𝑟𝑟 /μs 

N2 buffer gas 0.63 10.6 0.32 32.9 1.28 0.66 
CO2 buffer gas 0.22 8.4 0.32 32.9 2.39 0.66 
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Comparing Tables 5-1 and 5-2, one can see that the ratio of 𝑀𝑀𝑣𝑣 to 𝑀𝑀𝑟𝑟 is different for 
280 ppm CH4 in N2 than for 2200 ppm CH4 in N2 (0.63 in the first case as compared 
with 0.91). This may possibly be due to the presence of greater amounts of CH4 in 
the gas flow with higher concentration, increasing the probability of CH4/CH4-
collisions, which could be expected to affect the signal shape. Further studies are 
needed to investigate this matter adequately.  

Pump laser and alignment geometry 
IR-LITGS signals were also generated by use of the IR-OPO as a pump laser source 
(Paper III). Figure 5-6 shows a comparison of the IR-LITGS signals in N2 gas flows 
with small admixtures of C2H2, generated (a) with the narrowband IR output from 
the difference-frequency-mixing system and (b) with the broadband IR OPO as 
pump laser source. For these LITGS signals, the crossing angle between the pump 
beams was 2.4°, leading to a grating spacing of 72.8 μm. The larger grating spacing 
than for the signals shown in Figures 5-4 and 5-5 resulted in a more long-lived 
signal, since it takes longer then for the grating to disperse due to thermal diffusion 
[92, 94]. The measurements were compared with simulated IR-LITGS signals, the 
parameters for the simulations being summarized in Table 5-3. 

The narrowband mid-infrared laser wavenumber was centered on the P(11) line of 
the v2+(v4+v5)0 band at 3255.6 cm-1 of C2H2, and the pump laser pulse energy was 
~3 mJ. The linewidth of the narrowband laser was smaller than the molecular 
linewidth (see Chapter 3). The IR-OPO wavenumber was centered on 3256 cm-1, 
the laser linewidth being broad enough to cover six adjacent C2H2 lines (Paper III), 
and the pump laser pulse energy was ~9 mJ. Because of the relatively large 
bandwidth, only the parts of the IR-OPO pump laser pulses that were resonant with 
the C2H2 lines could be absorbed so as to create the LITG. The more efficient 
absorption of the laser power obtained with use of the narrowband laser is the reason 
for the signal produced there being stronger, despite the C2H2 concentration in the 
gas flow being lower.  

The pump laser beam from the IR-OPO could not be focused very sharply due to its 
non-Gaussian beam shape and to the differences in the divergence of the beam 
between the horizontal and vertical beam direction. This led to the measurement 
volume being relatively large and thus to the acoustic transit time being longer. This 
is why the oscillations in the signals appear stronger in the signal generated by the 
IR-OPO. The narrowband IR laser beams had a much tighter focus than the IR-OPO 
beams, which led to their having a shorter acoustic transit time, and thus to the 
oscillations disappearing from the signal more rapidly.  
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Figure 5-6 IR-LITGS signal recorded in a gas flow of N2 at 1 atm and 296 K that contained small 
admixtures of C2H2. (a) Signal recorded by use of the narrowband IR laser for a concentration of 
816 ppm C2H2. (b) Signal recorded with the broadband IR-OPO for 4169 ppm C2H2 concentration. 
The signals are an average of 500 shots. The intensity of the simulated IR-LITGS signals was 
normalized to the best fit to the measurements.  

Table 5-3 The parameters for the simulations in Figure 5-6. 
 𝑀𝑀𝑣𝑣 𝑀𝑀𝑟𝑟⁄  𝑓𝑓𝑡𝑡𝑜𝑜𝑜𝑜  /MHz 𝛬𝛬 /μm 𝜏𝜏𝑡𝑡𝑟𝑟 /μs 𝜏𝜏𝑡𝑡ℎ /μs 𝜏𝜏𝑟𝑟 /μs 

Narrowband 0.015 4.7 72.8 0.35 6.53 0.45 
IR-OPO 0.015 4.7 72.8 2 6.53 0.3 

 

Comparing the simulation parameters of Tables 5-1 and 5-3 showed there to be an 
inconsistency in the time scale (𝜏𝜏𝑟𝑟) used for the slow energy exchange in C2H2. The 
values for 𝜏𝜏𝑟𝑟 in Table 5-3 are lower than those in Table 5-1. This could possibly be 
the result of differing energy exchange rates, since the respective signals were 
recorded at different absorption lines. However, since all the probed C2H2 
transitions are within the P-branch the difference should not be that strong. It has 
been shown before [94, 96] that P- and R-branch transitions in the O2 𝑏𝑏1Σ𝑠𝑠+ state 
give rise to different LITGS signal shapes, but that the differences were not large 
within the respective branches. The different concentration of C2H2 in the gas flow 
may also contribute to the differences. It is difficult to make a direct comparison 
between the measurements in question since they were generated with use of 
different alignment geometries. The measurements with use of the IR-OPO and with 
the narrowband laser in Figure 5-6 also show different values for 𝜏𝜏𝑟𝑟. The simulation 
for the narrowband IR-LITGS signal in Figure 5-6 (a) does not provide a good fit to 
the measurement. There may be some alignment problem in the generation of these 
IR-LITGS signals. Further work is needed to determine the cause of these 
differences.  

In conclusion, the IR-LITGS signals were strongly affected both by the relaxation 
processes in the absorbing molecules and by the buffer gas environment. Different 
alignment geometries (the crossing angle between the pump beams and the size of 
the measurement volume) also affect the shape of the IR-LITGS signals. The effects 
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of different forms of misalignment are discussed in greater detail in Paper VII. Using 
a narrowband pump laser source generates stronger IR-LITGS signals than a 
broadband pump laser source.  

The clear difference in the shape of the IR-LITGS signals between different 
molecules and in different buffer gases indicates the potential of IR LITGS for 
studying ro-vibrational relaxation processes. The simulations presented here 
provide a preliminary investigation of such matters. Further studies are needed for 
obtaining quantitative measurements of the energy exchange rates, and for correct 
interpretation of the relaxation paths in the molecules. The effects of different forms 
of misalignment on the energy relaxation times derived from the signals should also 
be investigated in greater detail. 

5.3.2 IR-LITGS excitation scans 

The shape of the IR-LITGS signal was discussed in the previous section. IR-LITGS 
can also be used to record excitation scans by use of a narrowband scanning pump 
laser source. In such a case, each point in the excitation scan is defined as the area 
under the IR-LITGS signal at the specific pump laser wavenumber.  

 

Figure 5-7 IR-LITGS excitation scans of 250 ppm C2H2 diluted in N2 at a pump laser energy of (a) 
5 mJ/pulse and (b) 1 mJ/pulse. The intensity of the simulated spectrum was normalized to the best fit 
to the measurements. 

Figure 5-7 shows IR-LITGS excitation scans recorded for 250 ppm C2H2 diluted in 
an N2 gas flow at 296 K and 1 atm. The IR-LITGS excitation scans are compared 
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with simulations of the C2H2 absorption coefficient using data from HITRAN. The 
pump laser pulse energy was ~5 mJ in Figure 5-7 (a) and ~1 mJ in Figure 5-7 (b). It 
is clear that the lines recorded at a higher pump laser energy level are appreciably 
broader than the spectra recorded using lower pump laser energy, which suggests 
the lines are affected by a power-broadening mechanism. The line width of the 
recorded signals did not depend upon the power of the probe laser or the 
concentration of C2H2 in the gas flow.  

The peak signal for the C2H2 lines within the interval 3250-3270 cm-1 does not 
appear to match the simulated absorption coefficient. Figure 5-8 shows high 
resolution scans within the interval 3238-3242 and 3259-3261 cm-1 at pump laser 
pulse energy levels of (a) 3 mJ and (b) 0.5 mJ. The excitation scans are compared 
with the results of the simulated absorption coefficient of C2H2, and the line width 
in the simulation is set to the values specified in the HITRAN database. The power-
broadening is clear in Figure 5-8 (a). The absorption coefficient is highest for the 
line at 3260.4 cm-1, but the IR-LITGS signal for that line is weaker than the other 
lines. The scan recorded at the lower pump laser energy level in Figure 5-8 (b) 
matches better the line intensity and the line width of the simulation, although the 
line at 3260.4 cm-1 continues to be weaker than expected on the basis of the 
simulated absorption coefficient.  

 

Figure 5-8 IR-LITGS excitation scans of selected lines in the C2H2 spectrum at a pump laser energy 
of (a) 3 mJ/pulse and (b) 0.5 mJ/pulse. The intensity of the simulated spectrum was normalized to the 
best fit to the measurements. 

Interestingly enough, the lines in an IR-LITGS excitation scan generated by H2O 
absorption in the ambient air of the laboratory are not power-broadened in the same 
way as the C2H2 excitation scans are. Figure 5-9 shows the IR-LITGS excitation 
scan of H2O at a pump laser pulse energy of ~7 mJ. On the basis of the humidity in 
the laboratory at the time, the H2O concentration in the air was found to be ~0.5 %. 
Both the line intensity and the line width seem to be matched relatively well between 
the measured IR-LITGS scan and the simulated absorption coefficient. Decrease in 
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the pump laser intensity through absorption by H2O along the beam path could 
account for some of the discrepancies between the measurement and the simulation.  

 

Figure 5-9 An IR-LITGS excitation scan of H2O in the ambient air of the laboratory, compared with 
a simulation of the H2O absorption coefficient based on data from HITRAN. The concentration of H2O 
in the air was around 0.5 %. The intensity of the simulated spectrum was normalized to the best fit to 
the measurements. 

The fact that the power broadening differs for different molecules indicates that it 
could be a saturation of the energy transfer mechanisms in the molecules, rather than 
a saturation of the absorption lines, which is responsible for the line broadening 
observed in Figures 5-7 and 5-8. It is worthy of note that the H2O lines in this region 
are much weaker than the C2H2 lines. This may possibly explain why the H2O lines 
are not power broadened in the same way as the C2H2 lines are. A more detailed 
study of these matters is called for.  

Apart from certain deviations from the expected line strength in the case of the 
stronger lines in the spectrum, the C2H2 IR-LITGS excitation scan was found to 
agree with the simulated absorption coefficient. For C2H6, however, the situation 
was quite different. The IR-LITGS excitation scan for 300 ppm C2H6 diluted in N2 
at 1 atm and 296 K is shown in Figure 5-10. The signal is compared there with the 
absorption cross section of C2H6 at 296 K and 500 mbar, downloaded from the 
absorption cross sections available in the HITRAN database [14]. Since the cross 
section at 296 K and 1 atm was not available for download, the 500 mbar cross 
section was used for comparison.  

The absorption cross section of C2H6 in this region shows several strong Q-branches 
from the v7 band on top of many weaker lines [14, 16]. The IR-LITGS excitation 
scan, in contrast, shows an almost continuous signal. This signal has an appearance 
similar to that of the absorption cross section from the lines of low intensity around 
the strong Q-branches.  
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Figure 5-10 An IR-LITGS excitation scan for 300 ppm C2H6 diluted in N2 at 296 K and 1 atm (blue), 
compared with an absorption cross section of C2H6 at 296 K and 500 mbar from HITRAN (red). The 
intensity of the simulated spectrum was normalized to the best fit to the measurements. The inset shows 
the IR-LITGS signal compared to the low intensity C2H6 lines in the absorption cross section.  

The difference between the IR-LITGS excitation scan and the C2H6 absorption cross 
section may be due to a similar effect that can be seen in the C2H2 excitation scan, 
where the stronger lines display weaker signals due to power broadening. It may 
also be that the energy transfer from the v7 band in C2H6 is less efficient than that 
for the other bands in this spectral region, leading to the IR-LITGS signal there 
being weaker than that from other bands. Further work is needed to study this in 
more detail.  

5.3.3 IR-LITGS in flames 

IR-LITGS measurements obtained in both lean and rich atmospheric pressure 
C2H4/air flames were presented in Paper VI. The flames were generated on a porous 
plug burner 48 mm in diameter (described in Chapter 3) and were stabilized with a 
bluff body 14 mm above the burner. The signals were generated at a 5.65° crossing 
angle between the pump beams, this resulting in a grating spacing of ~31 μm at 
3231 cm-1 pump laser wavenumber. A 457 nm CW laser was used as a probe beam. 
IR-LITGS signals generated at different height above the burner (HAB) in a Φ=2.57 
C2H4/air flame are shown in Figure 5-11.  

The IR-LITGS signals in Figures 5-4 and 5-5 have higher oscillation frequency and 
faster decay than the signals at room temperature, due to the higher speed of sound 
and the greater thermal diffusivity found at higher temperatures. Closer to the 
burner, the flame temperature is lower, which is why the signal shown in Figure 5-
11 (a) has a lower oscillation frequency and a longer decay time than the signal in 
Figure 5-11 (b).  
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Figure 5-11 IR-LITGS signals recorded in a Φ=2.57 C2H4/air flame at (a) 1.5 mm and (b) 5.5 mm 
HAB in the Φ=2.57 C2H4/air flame. The wavenumber of the pump laser was 3231 cm-1. The signals 
are an average of 500 shots.  
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6 Polarization Spectroscopy 

Polarization spectroscopy (PS) was first introduced in 1976 by Wieman and Hänsch 
[106] as a sub-Doppler measurement technique. The first applications of PS to 
combustion diagnostics was reported in 1983 [107]. Since then, PS has been applied 
as a combustion diagnostics technique in a variety of situations, for the detection of 
seeded Na atoms [108] and of natural flame radicals like OH [109] and C2 [110]. 
Imaging using two-dimensional PS has been demonstrated for the detection of OH 
[111] and two-photon transitions have been utilized for studying CO and NH3 [112]. 
All of these reported measurements were performed in either the visible or the 
ultraviolet spectral regions.  

Mid-infrared PS (IRPS) has been used for the detection of e.g. CO2 [17, 113-115], 
CH4 [116, 117], C2H2 [118] and C2H6 [116]. Flame measurements by use of IRPS 
have been demonstrated several times [17, 116, 118, 119]. Two-dimensional IRPS 
for the single-shot imaging of HF in flames was reported by Sun et al. [120].  

This chapter provides a brief summary of the basic theory of PS, as well as an 
overview of the limitations of simple analytical models. The empirical model for 
quantitative concentration measurements developed by Sun et al. [121, 122]will 
also be taken up. In addition, a summary of the experimental studies of PS that were 
carried out in the thesis work will be presented at the end of the chapter.  

6.1 Theory of PS 

The theory of PS has been summarized in several books and articles [10, 123, 124]. 
The basic principles of PS are illustrated in Figure 6-1. The pump and probe beams 
are crossed at a small angle. The probe beam is vertically polarized and the pump 
beam is circularly polarized. When the laser is resonant with a transition in the 
molecules in the interaction region, the pump and probe laser beams will be 
absorbed. Laser beams of differing polarizations drive transitions between different 
magnetic sublevels in a molecule [124]. A right-hand circularly polarized pump 
beam drives transitions in which Δ𝑀𝑀𝐽𝐽 =+1, where 𝑀𝑀𝐽𝐽 denotes the magnetic sublevel 
quantum number. Figure 6-1 (a) illustrates these transitions in the ground state and 
in the excited state of an example molecule. The high intensity pump beam saturates 
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the transitions in the molecule for which Δ𝑀𝑀𝐽𝐽=+1. This generates an uneven 
population of the magnetic sublevels of the molecule.  

The probe beam, which is linearly polarized, can be thought of as being a sum of 
left- and right-hand circular polarization, as shown in Figure 6-1 (b). Absorption of 
the probe beam thus drives transitions with Δ𝑀𝑀𝐽𝐽=±1. However, since the Δ𝑀𝑀𝐽𝐽=+1 
transitions are saturated by the pump beam, the left-hand circularly polarized part 
of the probe beam is absorbed more than the right-hand circularly polarized part, 
which means the absorption will change the polarization of the probe beam.  

 

Figure 6-1 (a) Schematics of the energy level diagram and of the transitions driven by the right-hand 
circularly polarized pump beam. (b) Schematics of the PS alignment using counter-propagating pump 
and probe beams.  

The PS technique relies on detecting small changes in the polarization of the probe 
beam when the beams are absorbed. To this end, the probe beam is aligned to pass 
through a set of high quality crossed polarizers, which block the probe beam. 
However, when the molecules in the crossing region absorb the laser beams, the 
polarization of the probe beam changes, a small part of the probe beam being able 
to leak through the second polarizer. This part of the probe beam is called the signal 
beam.  

6.1.1 Mathematical treatment of the PS signal 

This section presents a mathematical model for simulation of the PS signal, 
following the derivation of the model presented by Demtröder [124]. The electric 
field of the probe beam, which is propagating along the z-axis and is vertically 
polarized along the x-axis, can be described as 

 𝐸𝐸 = 𝐸𝐸0𝑒𝑒𝑣𝑣(𝜔𝜔𝑡𝑡−𝑘𝑘𝑘𝑘), 𝐸𝐸0 = [1,0,0] (35) 

where 𝜔𝜔 is the frequency of the probe beam and 𝑘𝑘 is the magnitude of the wave 
vector. The linearly polarized probe beam can be described as being the sum of 
right-hand circularly polarized beam (𝜎𝜎+) and a left hand circularly polarized beam 
(𝜎𝜎−). When the probe laser passes through the interaction volume, the left and right 
hand parts of the beam experience different absorption coefficients (𝛼𝛼+ and 𝛼𝛼−) and 
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different refractive indices (𝑛𝑛+ and 𝑛𝑛−) in the medium due to the non-isotropic 
optical pumping of the pump beam. The electric field for the right- and left-hand 
polarized parts of the probe beam that exist before the absorption, propagating along 
the z-axis, can be denoted as 

 
� 𝐸𝐸

+ = 𝐸𝐸0+𝑒𝑒𝑣𝑣(𝜔𝜔𝑡𝑡−𝑘𝑘
+𝑘𝑘), 𝐸𝐸0+ = ½𝐸𝐸0[1, 𝑖𝑖, 0]

𝐸𝐸− = 𝐸𝐸0−𝑒𝑒𝑣𝑣(𝜔𝜔𝑡𝑡−𝑘𝑘
−𝑘𝑘), 𝐸𝐸0− = ½𝐸𝐸0[1,−𝑖𝑖, 0]

 
(36) 

 

After the crossing with the pump beam in the absorbing medium, the left- and the 
right-hand polarized parts of the probe beam are given by  

 
�𝐸𝐸

+ = 𝐸𝐸0+𝑒𝑒𝑣𝑣(𝜔𝜔𝑡𝑡−𝑘𝑘
+𝐿𝐿+𝑣𝑣(𝛼𝛼+ 2⁄ )𝐿𝐿)

𝐸𝐸− = 𝐸𝐸0−𝑒𝑒𝑣𝑣(𝜔𝜔𝑡𝑡−𝑘𝑘
−𝐿𝐿+𝑣𝑣(𝛼𝛼− 2⁄ )𝐿𝐿) 

(37) 

 

where 𝐿𝐿 is the length of the interaction region. As can be seen in Equation 37, after 
the crossing of the probe and the pump beams, there is a small difference in the 
amplitude �Δ𝐸𝐸 = 𝐸𝐸0 2⁄ ⋅ (exp(−𝛼𝛼+𝐿𝐿 2⁄ ) − exp(−𝛼𝛼−𝐿𝐿 2⁄ ))� and in the phase 
(Δ𝜙𝜙 = (𝑘𝑘+ − 𝑘𝑘−)𝐿𝐿 = (𝜔𝜔𝐿𝐿 𝐼𝐼⁄ ) ⋅ Δ𝑛𝑛) between the left- and the right-hand polarized 
parts of the probe beam. After having passed the crossing point, the probe beam can 
thus be described as 

 𝐸𝐸(𝑧𝑧 = 𝐿𝐿) = 𝐸𝐸+ + 𝐸𝐸− = 𝑒𝑒𝑣𝑣𝜔𝜔𝑡𝑡𝑒𝑒−𝑣𝑣(𝜔𝜔𝑖𝑖𝐿𝐿 𝑜𝑜⁄ −𝛼𝛼) ⋅ �𝐸𝐸0+𝑒𝑒−𝑣𝑣Δ + 𝐸𝐸0−𝑒𝑒𝑣𝑣Δ� (38) 

Here, Δ = 𝜔𝜔𝐿𝐿Δ𝑛𝑛 2𝐼𝐼⁄ − 𝑖𝑖𝐿𝐿Δ𝛼𝛼 4⁄  depends upon the difference in the refractive index 
(Δ𝑛𝑛 = 𝑛𝑛+ − 𝑛𝑛−) and in the absorption coefficient (Δ𝛼𝛼 = 𝛼𝛼+ − 𝛼𝛼−) for left- and the 
right-hand polarized parts of the probe beam. The intensity of the probe beam is 
given by 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 = 𝐼𝐼𝜖𝜖0𝐸𝐸 𝐸𝐸 

∗, where 𝐼𝐼 is the speed of light in vacuum and 𝜖𝜖0 is the 
vacuum permittivity.  

The probe beam is aligned to pass through a set of crossed polarizers, one before 
and one after the crossing point. The first polarizer is aligned so as to transmit the 
vertically polarized probe beam. The second polarizer is assumed to be aligned in a 
90° angle to the first, so that it will block vertically polarized light. After the probe 
beam has passed the crossing point, the polarization of the probe beam has changed 
so that a small part of it is horizontally polarized along the y-axis. This part can be 
transmitted through the second polarizer so as to form the signal beam.  

In most practical cases, Δ𝑛𝑛 and Δ𝛼𝛼 are very small, which means it can be assumed 
that Δ𝛼𝛼𝐿𝐿 ≪ 1 and Δ𝑛𝑛𝐿𝐿 ≪ 1. Assuming also that the medium is optically thin, i.e. 
the decrease in the intensity of the probe beam due to absorption is negligible, the 
PS signal can be expressed as  

 
𝐼𝐼𝑃𝑃𝐿𝐿 = 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 �𝜉𝜉 + �

𝜔𝜔𝐿𝐿Δn
2𝐼𝐼

�
2

+ �
𝐿𝐿Δ𝛼𝛼

4
�
2
� 

(39) 
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The variable 𝜉𝜉 denotes the small residual transmission of the probe beam that passes 
through the polarizers even at 90° crossing angle and without absorption. Assuming 
that the pump and probe beams counter-propagate, the line profile of the absorption 
coefficient will be given by a Lorentzian profile 

 Δ𝛼𝛼(𝜔𝜔) =
Δ𝛼𝛼0

1 + 𝑥𝑥2
, 𝑥𝑥 =

𝜔𝜔 − 𝜔𝜔0

𝛾𝛾𝑜𝑜 2⁄
 (40) 

where 𝛼𝛼0 is the line center absorption coefficient. The refractive index and 
absorption coefficient are related by the Kramers-Kronig dispersion relation [124], 
giving Δ𝑛𝑛 as  

 Δ𝑛𝑛 =
𝐼𝐼
𝜔𝜔0

⋅
Δ𝛼𝛼0𝑥𝑥

1 + 𝑥𝑥2
 (41) 

Thus, for a circularly polarized pump beam, the signal intensity can be described as 

 
𝐼𝐼𝑃𝑃𝐿𝐿 = 𝐼𝐼0 �𝜉𝜉 + �
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⋅
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+
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⋅ �
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�
2
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(42) 

 

The last part of Equation 42 can be neglected as long as only frequencies close to 
the line center are considered [10], so that the signal for a circularly polarized pump 
beam can be given as  

 
𝐼𝐼𝑃𝑃𝐿𝐿 = 𝐼𝐼0 �𝜉𝜉 + �

𝐿𝐿Δ𝛼𝛼0
4

�
2
⋅

1
1 + 𝑥𝑥2

� 
(43) 

 

This formula is also valid for the case in which the pump beam is linearly polarized 
at a 45° angle to the probe beam [124]. In that case, Δ𝛼𝛼0 = 𝛼𝛼∥ − 𝛼𝛼⊥ denotes the 
difference between the absorption coefficients of the parts of the probe beam 
polarized parallel or perpendicular to the pump beam.  

Equations 42 and 43 assumes there to be no windows or other optical components 
between the polarizers. If any optics are included, the expression for the PS signal 
intensity becomes much more complicated [124]. Optical components can generally 
introduce a birefringence of much greater extent than the pump laser absorption. 
This is why it is preferable to perform PS measurements in open gas flows rather 
than in closed gas cells, this enabling one to optimize the signal-to-noise ratio. 

The magnitude of the PS signal is related to the difference in the line center 
absorption coefficient, Δ𝛼𝛼0 = 𝛼𝛼∥ − 𝛼𝛼⊥ for a linearly polarized pump beam and 
Δ𝛼𝛼0 = 𝛼𝛼+ − 𝛼𝛼− for a circularly polarized pump beam. Δ𝛼𝛼0 can be expressed as [10] 

 Δ𝛼𝛼0 = 𝜎𝜎𝜁𝜁𝐽𝐽𝐽𝐽′𝑁𝑁0 ⋅
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆

 (44) 
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The factor 𝜁𝜁𝐽𝐽𝐽𝐽′ depends upon the 𝐵𝐵-values of the levels involved in the transition and 
on the polarization of the pump beam, 𝜎𝜎 is the absorption cross section of the 
transition, 𝑁𝑁0 is the population of the initial rotational level, 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the pump laser 
intensity and 𝑆𝑆 is a saturation parameter given by [10] 

 𝑆𝑆 =
ℏ𝜔𝜔
𝑡𝑡𝜎𝜎

 (45) 

 

where 𝑡𝑡 is the pulse duration of the pump laser. Combining Equations 43 and 44, a 
general expression for the PS signal intensity can be found [125] 

 
𝐼𝐼𝑃𝑃𝐿𝐿 = 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 �𝜉𝜉 +

𝐿𝐿2𝑁𝑁02𝜎𝜎2𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 𝜁𝜁𝐽𝐽𝐽𝐽′
2

16𝑆𝑆2
⋅

1
1 + 𝑥𝑥2�

 
(46) 

 

The IRPS signal is proportional to the square of the number density, the absorption 
cross section and the length of the interaction region. The PS signal dependence on 
the pump laser intensity varies with the degree of saturation [126]. Quantitative 
expressions for the factor 𝜁𝜁𝐽𝐽𝐽𝐽′ are presented in Refs. [123, 124]. Figure 6-2 illustrates 
how 𝜁𝜁𝐽𝐽𝐽𝐽′ depends on 𝐵𝐵 for (a) circularly and (b) linearly polarized pump beam.  

 

Figure 6-2 Illustration of 𝜁𝜁𝐽𝐽𝐽𝐽′ as a function of the 𝐵𝐵-value for the lower energy level for (a) circularly 
polarized pump beam and (b) linearly polarized pump beam.  

For transitions in which 𝐵𝐵 > 10, 𝜁𝜁𝐽𝐽𝐽𝐽′’ is nearly constant. A circularly polarized pump 
beam favors the P- and R-branch lines. For large values of 𝐵𝐵, 𝜁𝜁𝐽𝐽𝐽𝐽′ approaches 1.5 for 
P-and R-branch lines and 0 for Q-branch lines. A linearly polarized pump beam 
favors the Q-branch lines. For large 𝐵𝐵-values, 𝜁𝜁𝐽𝐽𝐽𝐽′ approaches 0 for PR-branch lines 
and 1 for Q-branch lines.  

6.1.2 Modelling of the PS signal 

The model derived in the previous section is based on the assumption of there being 
isolated, stationary molecules and monochromatic laser fields [123, 124]. The PS 



  

56 

 

signal for more complicated situations has been investigated both theoretically [126-
132] and experimentally [133, 134]. The effects of rotational energy transfer, 
collisional quenching, multi-mode lasers and picosecond excitation laser pulses 
have been investigated. The simulation of PS signals by direct numerical integration 
(DNI) or by use of more complicated analytical models will not be presented here.  

It is advantageous to use saturating laser energies for quantitative measurements, 
since the dependence on collision effects and laser intensities is much less than for 
unsaturating laser energies [127, 134]. For homogeneously broadened lines, the PS 
signal intensity with increasing laser intensities follows an empirical relation [126] 

 
𝐼𝐼𝑃𝑃𝐿𝐿 = 𝐴𝐴 ⋅ 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 ⋅ 𝑁𝑁2 ⋅ �

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡⁄
1 + 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡⁄ �

2

 
(47) 

 

where 𝐴𝐴 is a calibration constant, 𝑁𝑁 is the number density of the probed species and 
𝐼𝐼𝑜𝑜𝑎𝑎𝑡𝑡 is the PS saturation intensity.  

Most of the theoretical studies listed above were performed by probing electronic 
transitions in the ultraviolet spectral region using counter-propagating probe and 
pump laser beams. For the experiments reported on in the thesis, ro-vibrational 
transitions in the mid-infrared region are probed, using co-propagating pump and 
probe beams. The co-propagating geometry has the advantage of the signal being 
stronger since all the molecules can contribute then to the signal generation, but it 
does not result in sub-Doppler resolution. That is a minor issue in the mid-infrared 
region, as the Doppler broadening is generally negligible as compared with the 
collision broadening. However, when trying to apply the equations presented here 
for simulations of IRPS signals, it is best to be aware that the equations were derived 
for different conditions.  

6.1.3 Quantitative concentration measurements using IRPS 

Sun et al. [121, 122] developed recently an empirical model for quantitative 
concentration measurements in flames by use of IRPS. The model is based on the 
theory presented above and on empirical observations of the behavior of the PS 
signal. Under saturating conditions, the line-integrated PS signal intensity can be 
described by 

 𝐼𝐼𝑃𝑃𝐿𝐿 = 𝛼𝛼 ⋅ 𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑣𝑣𝑒𝑒 ⋅ 𝑔𝑔 ⋅ 𝐼𝐼 ⋅ 𝜁𝜁𝐽𝐽𝐽𝐽′
2 ⋅ 𝑁𝑁 

2 ⋅ 𝜎𝜎2 (48) 

Here, 𝛼𝛼 is a scale constant, 𝑔𝑔 is a parameter accounting for the spectral overlap 
between the laser profile and the absorption profile of the molecular line, 𝐼𝐼 is a 
parameter accounting for collision effects under different conditions and 𝜎𝜎 is the 
absorption cross section of the probed transition.  
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Quantitative concentration measurements in flames are based on calibration 
measurements in a gas flow of known species concentration at room temperature. 
The mole fraction in the flame or gas flow is defined as 𝑓𝑓 = 𝑁𝑁 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡⁄ , where 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 is 
the total number density and 𝑁𝑁 is the number density of the specific species. The 
mole fraction in the calibration gas flow (1) and in the flame (2) can be defined as 

 
𝑓𝑓2 = 𝑓𝑓1 ⋅

𝜎𝜎(𝑇𝑇1)
𝜎𝜎(𝑇𝑇2) ⋅
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(49) 

 

where 𝑇𝑇 is the temperature in the flame/gas flow. The changes in the spectral overlap 
and in the collision effects between the calibration flow and the flame, i.e. the 
relations 𝐼𝐼1 𝐼𝐼2⁄  and 𝑔𝑔1 𝑔𝑔2⁄ , can be obtained through temperature dependence 
measurements of the signal line shape and intensity at different temperatures in a 
calibration gas flow of known temperature and species concentration.  

Since the mean free time between molecular collisions increases with increasing 
temperature, it is clear that collisional quenching decreases with temperature. The 
calibration gas flow cannot be heated up to flame temperatures, which means the 
collision parameter 𝐼𝐼2 at flame temperatures has to be estimated from measurements 
at lower temperatures. In [121, 122], the collision quenching change could be 
measured and extrapolated up to 1000 K. It was assumed that the quenching would 
be fairly constant above 1000 K. This was supported by the fact that the collision 
width in the signal changed very little between 1000 K and the flame measurement 
[121, 122]. Also, measurements of the signal intensity in different buffer gases [121] 
showed that the signal was almost unaffected by the buffer gas at 1000 K. 
Accordingly, the factor 𝐼𝐼1 𝐼𝐼2⁄  between 296 K and 1000 K was assumed to be valid 
for flame temperatures as well.  

Since the IRPS signal is much less sensitive to collisional quenching at low 
pressures [118, 125], quantitative concentration measurements with use of IRPS 
should be possible with much better precision in low pressure flames than at 
atmospheric pressure.  

6.2 Experimental setup 

Figure 6-3 shows a schematic of the IRPS setup used in the low pressure flame 
measurements. The laser system is described in Chapter 3. The laser intensity was 
monitored by a power meter during the scans, and the dye laser wavelength was 
monitored by a wavemeter. The mid-infrared laser beam was split into a probe beam 
by a ~7 % reflection from a CaF2 window, the rest of the beam being used as the 
pump beam. The polarization of the pump beam was adjusted by a broadband λ/4 
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or λ/2 waveplate. A porous plug burner (described in Chaper 3) was placed in a low 
pressure chamber specifically designed for IRPS measurements. The chamber had 
two side-chambers where the polarizers were aligned so as to avoid interference 
from birefringence in the windows of the chamber. The pump and probe beams were 
focused by a 750 mm CaF2 lens and were crossed at a ~4° angle over the burner. 
After the second polarizer, the signal beam was directed at the InSb detector.  

The measurements in heated gas flows were performed at atmospheric pressure 
using the heating tube described in Chapter 3. The gas flows at low pressures were 
flowed through the porous plug burner in the low pressure chamber. The gas flows 
were controlled by use of Bronkhorst mass flow controllers. The burner was placed 
on an electric moving stage, so that the signal at different height above the burner 
(HAB) could be recorded.  

 

Figure 6-3 Schematic of the IRPS setup. M: gold mirror, BS: CaF2 window beam splitter, L: CaF2 
lens, DM: dichroic mirror, WP: λ/4 or λ/2 waveplate, P: YVO4 Glan laser polarizer, BD: beam dump, 
D: InSb detector. The photograph shows the DME/O2/Ar flame (Φ=1.87) at 37 mbar. 

6.3 Low-pressure flame 

6.3.1 Species detection  

IRPS excitation scans were recorded at different HAB levels and in different 
spectral regions in order to be able to identify different species in the flame. The 
flame was the Φ=1.87 DME/O2/Ar flame presented in Paper VIII. Figure 6-4 shows 
three IRPS excitation scans carried out in this flame. Figure 6-4 (a) shows a scan 
performed at 2 mm HAB with use of a circularly polarized pump beam. 
Comparisons with simulations using data from HITRAN were used to identify 
several CH4 and H2O lines in the spectrum. Notations for the R(13-15) lines of the 
v3 band of CH4 are included in the figure.  

Figure 6-4 (b) shows a scan performed at 1.5 mm HAB with use of a circularly 
polarized pump beam. Comparisons with HITRAN simulations were used to 
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identify several C2H2 lines and H2O lines in the scan. The figure includes notations 
for the R(15-17) lines of the v3 band, and the R(21-23) lines of the v2+(v4+v5)0 band, 
as well as for the R(19) line of the v3+v4

1-v4
1 hot band.  

 

Figure 6-4 IRPS excitation scans in a Φ=1.87 DME/O2/Ar flame at (a) 2 mm HAB, (b) 1.5 mm HAB 
and (c) 1 mm HAB. The scans in (a) and (b) were recorded with use of a circularly polarized pump 
beam, and the scan in (c) with use of a linearly polarized pump beam. Line notations for selected lines 
are included in the figures.  

In Figure 6-4 (c), C2H6 lines were detected in a third spectral interval at 1 mm HAB. 
This spectrum was recorded by use of a linearly polarized pump beam in order to 
increase the line strength of the Q-branch lines of C2H6. Some P-branch lines of CH4 
were also visible in the scan. No discernible H2O lines were visible, due to the 
linearly polarized pump beams suppressing the P- and R-branch lines of H2O. 
However, there are some unidentified lines in the spectrum. These lines could be 
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from other molecular species in the flame that were not included in the HITRAN 
simulation. As mentioned in Chapter 3, the C2H6 spectrum contains many low 
intensity lines between the strong Q-branch lines [14, 16]. The extra lines in Figure 
6-4 (c), may be signals from low intensity C2H6 lines that are not included in the 
HITRAN line list data.  

6.3.2 Temperature measurements using the H2O line ratio 

Temperature is one of the most important parameters in combustion diagnostics. 
Several laser techniques have been developed for non-intrusive, in situ 
measurements of flame temperatures, including CARS [135], LIF [136, 137], TLAF 
[138, 139], LIGS [87, 89] and DFWM [38, 42]. However, obtaining accurate and 
precise measurements of flame temperatures is still a challenging task.  

The mid-infrared spectral region is rich with H2O lines from the ro-vibrational 
transitions. Since H2O is a primary product of combustion, available at high 
concentrations in all combustion situations, it would be convenient if it could be 
used for temperature measurements. Sun et al. proposed a measurement technique 
recently in which the line ratio of two hot H2O lines in the mid-infrared region, 
measured by use of IR-DFWM, was used to calculate the flame temperature [50]. 
Due to the similarity of the IRPS technique and the IR-DFWM technique, the same 
method was adopted here, using the line ratio of hot H2O lines at different HAB to 
estimate the flame temperature.  

Simulations of the H2O spectrum using data from HITEMP [15] are shown in Figure 
6-5. The line intensity between line 1 at 3230.98 cm-1 and line 2 at 3231.33 cm-1 
changes dramatically between 1000 and 2000 K. This is the reason for these lines 
having been selected for the temperature measurements [50].  

The flame temperature measurements by Sun et al. [50] showed there to be 
significant differences between the measured H2O spectrum and the simulation from 
the HITEMP database. Also, the simulations using data from the older HITEMP 
2000 database seemed to fit better with the measurements than the data from 
HITEMP 2010. IRPS is a non-linear technique, and like DFWM, simulations of the 
IRPS signal of closely spaced transitions is very sensitive to the accurate line 
positions of the involved transitions. Although HITEMP is the best available 
database for hot lines of H2O, H2O is a complicated molecule and the database might 
not be completely accurate at flame temperature. Uncertainty in the accuracy of the 
line positions of the transitions in HITEMP could be the reason for the difference 
between the measurement and the simulations.  
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Figure 6-5 Simulations of the IRPS spectrum of H2O at (a) 1000 K and (b) 2000 K. The line intensity 
ratio of line 1 to line 2 changes dramatically between (a) and (b).  

Since the simulation is not completely reliable, the H2O line ratio at different 
temperatures was calibrated on the basis of temperature measurements by use of the 
two-line atomic fluorescence (TLAF) of indium [138, 140]. The H2O line ratio was 
measured with IRPS in low pressure CH4/O2/N2 flames where the temperature had 
also been measured using TLAF. These measurement were used to create a 
calibration curve of the flame temperature vs. the ratio of the line-integrated signal 
between the two lines. This is described in more detail in Paper VIII.  

IRPS excitation scans over H2O lines 1 and 2 were recorded at different HAB in the 
flame. Using the calibration curve, it was possible to use the measured intensity ratio 
of line 1 to line 2 to determine the flame temperature. Figure 6-6 shows the flame 
temperature as a function of HAB for a low pressure DME/O2/Ar flame in which 
Φ=1.87 (Paper VIII). The measurements are compared with simulations from 
Chemkin [141] using the mechanism presented by Zhao et al. [142]. The 
temperatures from the H2O line ratio follow the simulation quite well. The fact of 
the measured temperatures being lower is probably due to heat losses not accounted 
for in the simulation. The points are an average of 10 consecutive measurements, 
the error bars showing the standard deviation of the measurements. This is due 
mainly to the signal shot-to-shot noise from the mode structure of the narrowband 
IR laser. A single-mode laser for the measurements should greatly improve the 
stability of the signal and thus the precision of the technique [44].  

In addition to the signal shot-to-shot noise, there are other uncertainties in the 
temperature measurement. The calibration curve was recorded in another flame at a 
slightly different pressure (50 mbar instead of 37 mbar). To improve the accuracy 
of this technique for temperature measurements in low pressure flames, the 
dependence of the line ratio on pressure needs to be investigated. For the 
measurements here, a ± 100 K uncertainty was assumed for the measured flame 
temperature.  
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Figure 6-6 Flame temperature measurement from the H2O line ratio recorded in a Φ=1.87 DME/O2/Ar 
flame at 37 mbar. Each point is an average of 10 consecutive measurements, the error bars representing 
the standard deviation of the measurements. The line is a simulation of the flame temperature using 
Chemkin.  

6.3.3 Quantitative concentration measurements  

Paper VIII presents the results of quantitative measurements of CH4 concentrations 
in a rich low pressure DME/O2/Ar flame. To quantify the flame measurement, it is 
necessary to investigate the changes in collision effects as the temperature changes, 
in order to relate the flame measurements to the cold gas calibration flow.  

If the collision width 𝛥𝛥𝜈𝜈𝑜𝑜𝑡𝑡𝑐𝑐𝑐𝑐 at a particular temperature 𝑇𝑇0 and pressure 𝑝𝑝0 is known, 
the changes in the collision width with changes in temperature and in pressure can 
be estimated, provided the gas mixture does not change [138, 143] 

 
𝛥𝛥𝜈𝜈𝑜𝑜𝑡𝑡𝑐𝑐𝑐𝑐(𝑝𝑝,𝑇𝑇) =  𝛥𝛥𝜈𝜈𝑜𝑜𝑡𝑡𝑐𝑐𝑐𝑐(𝑝𝑝0,𝑇𝑇0) ⋅
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(50) 

 

Since we did not have the possibility of heating the gas flows at low pressures, the 
temperature-dependence of the IRPS signal was investigated at atmospheric 
pressure. Since the pressure and the temperature appear to have separate effects on 
the collision line width, it was assumed that the pressure and the temperature effects 
on the collisional width of the IRPS signal could be considered separately. 

The line width of the IRPS signal of the R(13) line of the v3 band of CH4 was 
measured as a function of the temperature at atmospheric pressure. After this, the 
pressure dependence of the line width at room temperature was measured. Figure 6-
7 shows the full width at half maximum (FWHM) of the IRPS signals at different 
temperatures at 37 mbar, estimated from the measurements at different temperatures 
and at different pressures. The FWHM from three low pressure flame measurements 
were also included so as to complete the analysis. At flame temperatures, the 
FWHM appeared to be constant within the limits of measurement uncertainty. 
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Figure 6-7 The estimated change in the FWHM of the IRPS signal of the R(13) line of the v3 band of 
CH4 with temperature at 37 mbar. The points above 1200 K were taken from flame measurements.  

In low-pressure flames, the IRPS signal intensity should be less sensitive to the 
collision environment than at atmospheric pressure [118, 125, 126]. To test the 
sensitivity of the IRPS signal to collisions, the IRPS signal for the R(13) line of CH4 
was recorded in three different buffer gases (Ar, N2 and CO2) at atmospheric 
pressure and at 37 mbar. Figure 6-8 shows the line-integrated IRPS signal in the 
different buffer gases at (a) atmospheric pressure and (b) 37 mbar. The 
concentration of CH4 in the gas flows was 2200 ppm at atmospheric pressure and 
15000 ppm at 37 mbar.  

It is clear from Figure 6-8 that at 37 mbar, the IRPS signal intensity is only weakly 
dependent upon the collision environment. At atmospheric pressure, the signal in 
CO2 is ~60 % lower than the signal in Ar, whereas at 37 mbar the signals are almost 
equal. Based on this, it was assumed that the IRPS signal dependence on changes in 
the collision environment due to different temperature will be negligible at 37 mbar, 
and that there is only a small difference in the collisional quenching between a low 
pressure gas flow and a low pressure flame. Estimates of 𝐼𝐼1 𝐼𝐼2⁄ ≈ 1 and 𝑔𝑔1 𝑔𝑔2⁄ ≈
0.88 were made on the basis of the temperature, pressure and buffer gas dependence 
measurements.  

 

Figure 6-8 The relative line-integrated IRPS signal of the R(13) line of the v3 band of CH4 line in the 
different buffer gases at (a) atmospheric pressure and (b) 37 mbar. The signals are normalized to the 
signal intensity measurement in Ar.  
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The line-integrated IRPS signal for the R(13) line of the v3 band of CH4 was recorded 
at different HAB. After that, the IRPS signal was recorded in a 37 mbar N2 
calibration gas flow in which 12400 ppm CH4 were admixed. The mole fraction of 
CH4 in the flame was then calculated using Equation 49. The temperature as shown 
in Figure 6-6 was used in the calculation of the absorption cross section 𝜎𝜎(𝑇𝑇).  

Figure 6-10 shows the measured CH4 mole fraction vs. HAB compared with results 
of the simulation of the CH4 mole fraction from Chemkin. The error bars in the 
measurements are a combination of the estimated uncertainty in terms of 
temperature, absorption cross section, g1/g2 and c1/c2 factors and the standard 
deviation of the IRPS signal. As was stated earlier, the largest contribution to the 
error bars comes from the temperature uncertainty, since this contributes to the 
simulated absorption cross section [121, 122]. The measured mole fraction agrees 
reasonably well with the simulation, within the limits of measurement uncertainty. 
At lower HAB, the measurement and the simulation deviate more. Further studies 
are needed to determine the cause of this difference, and whether it is the 
measurements or the simulations that are more accurate.  

 

Figure 6-10 The measured and the simulated CH4 mole fraction as a function of the HAB in the flame. 
The error bars reflect the uncertainties in the flame temperature, the calibration factors and the IRPS 
signal shot-to-shot noise. 
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7 Comparison of IR-DFMW, IR-
LITGS and IRPS 

It has been shown previously that DFWM and PS are similar in their sensitivity for 
molecular detection [35, 41, 110, 111, 144]. There are not many studies, however, 
that compare directly the sensitivity of DFWM and PS, and none of these 
comparisons were performed in the mid-infrared spectral region.  

LITGS signals have frequently been observed as an interference to DFWM. There 
have been many studies in which the sensitivity of the two techniques and how much 
they interfere with each other have been investigated (see, e.g. [49, 102, 145]). The 
contributions of LITGS and of DFWM to the signal depends on the pressure, since 
the LITGS signal strength increases with pressure, whereas the DFWM signal 
decreases with pressure, due to more frequent molecular collisions. The effects of 
of LITGS generated in DFWM experiments in the far-infrared region at around 
10.2 μm have been investigated for signals in NO [145]. Thus far, to the best of my 
knowledge, no studies have been performed in the mid-infrared region, and no 
comparisons have been made between LITGS and PS.  

In the present chapter, a direct comparison of the diagnostics techniques IR-DFWM, 
IR-LITGS and IRPS, in terms of their sensitivity, species selectivity and 
applicability to combustion diagnostics is provided. The main results reviewed here 
are taken from the results presented in previous sections of the thesis, as well as in 
the attached papers. Certain references are also made to previous papers published 
by our group.  

7.1 Sensitivity 

It is difficult to make quantitative comparisons of the sensitivity of the different 
techniques considered here without performing experiments involving the same 
conditions, the same laser performance in each case and with use of as similar setups 
as possible. Especially the laser energy, the stability and the mode structure has 
varied considerably over the years while these measurements have been performed. 
Nevertheless, making use here of the various investigations reported on in the thesis 
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and in previous articles, it is possible to make a qualitative comparison, at least, of 
the degree of sensitivity achieved by the different techniques involved. In this 
section, an overview is provided of the detection limits reached during 
measurements with use of IRPS, IR-DFWM and IR-LITGS. One should bear in 
mind that it is quite possible that the sensitivity of each of these techniques can be 
improved considerably with use of better laser sources, better detectors and more 
optimal alignments.  

Table 7-1 provides a comparison of the detection limits found for room temperature, 
atmospheric pressure gas flows of N2 with small admixtures of hydrocarbon species. 
For IRPS and IR-DFWM, the concentration dependence of the signal was measured 
by performing excitation scans over the strongest line in the spectrum at different 
concentrations, while for IR-LITGS the signal was recorded at the peak of the 
strongest absorption line. All of the techniques employed show a signal that is 
proportional to the number density squared of the absorbing species. The detection 
limits were estimated by extrapolating the signal intensity down to a concentration 
at which the signal-to-noise ratio was equal to one.  
Table 7-1 The estimated detection limits of IR-DFWM, IRPS and IR-LITGS for the detection of 
hydrocarbons diluted in atmospheric pressure N2 gas flows at room temperature.  

 IR-DFWM IRPS IR-LITGS 
C2H2 12 ppma  30 ppmb  10 ppme 

CH4 5 ppma  30 ppmc 50 ppme 

C2H6 8 ppma  50 ppmd  4 ppme 

a Paper IV 
b Value from [118].  
c Unpublished IRPS measurements 
d Value from [116]. 
e Unpublished IR-LITGS measurements 

Overall, the three laser techniques appear to be similar in terms of their basic 
sensitivity. The different detection limits for C2H2, CH4 and C2H6 in DFWM (Paper 
IV) appear to match well, within the limits of measurement uncertainty, with the 
relative absorption cross sections of the hydrocarbons. The IRPS detection limits 
for C2H2 and C2H6 were taken from older measurements performed by the present 
group [116, 118], and are thus not directly comparable with the other measurements 
in the thesis. Previous comparisons by the present group show similar detection 
limits for IR-DFWM and IRPS [47, 118]. The measurements for CH4 with use of 
IRPS and IR-DFWM indicate the sensitivity to be better with use of IR-DFWM. As 
mentioned earlier, it is difficult to compare the measurements directly since the laser 
and detector performance have varied considerably over the years. The sensitivity 
of IR-DFWM can be improved appreciably by use of an upconversion detector, as 
shown in Paper II, where a detection limit of ~1 ppm was found for C2H2.  
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The IR-LITGS signal strength for CH4 diluted in N2 was found to be much lower 
than that for C2H2 or C2H6 in N2, despite the absorption cross sections being similar. 
From this, it appears that the IR-LITGS signal strength depends on something other 
than the absorption cross section alone. Further work is needed to determine exactly 
what the cause of this is. 

7.2 Signal characteristics 

7.2.1 High resolution spectroscopy 

As shown in Chapter 5, excitation scans with IR-LITGS suffer from power 
broadening. Because of this, IRPS and IR-DFWM appear to be better choices for 
high resolution spectroscopy. In Figure 7-1, the C2H2 spectra recorded with use of 
IR-DFWM and IR-LITGS, respectively, are shown, and are compared with results 
of simulations using data from the HITRAN database. The IR-DFWM spectral lines 
are sharper than the lines in the IR-LITGS spectrum. The IR-DFWM line intensities 
also correspond better to the simulated line intensities. Another difference is that the 
IR-DFWM signal is proportional to the square of the absorption cross section, 
whereas the IR-LITGS signal appears to be linearly dependent upon the cross 
section.  

Figure 7-2 shows IR-DFWM and IR-LITGS excitation scans for small admixtures 
of C2H6 diluted in N2 gas flows at room temperature and atmospheric pressure, 
compared with results of simulations using data from HITRAN. Here, the difference 
between the IR-DFWM and IR-LITGS spectra is more pronounced than for C2H2. 
In the IR-DFWM spectrum, the strongest signals come from the sharp Q-branches 
of the v7 band, which match well with the simulation. There are weaker lines 
between the Q-branches, although these are almost invisible in the scale used in 
Figure 7-2 (a). In contrast, the IR-LITGS spectrum of C2H6 in Figure 7-3 (b) shows 
a nearly continuous signal intensity over the scanning range that was investigated.  

The line data in the HITRAN database is not complete for C2H6 in this spectral 
region, their including only the data for the strongest Q-branches of the v7 band. The 
red curve in Figure 7-2 (b) is an absorption cross section of C2H6, recorded by 
Harrison et al. [16] at 296 K and 500 mbar, available in the HITRAN database [14]. 
The IR-LITGS signal is similar to that for the low intensity lines below the strong 
Q-branches in the absorption spectrum. There are indications of a slight increase in 
the signal at the position of some of the strong Q-branches, although it is not clear 
whether this is genuine.  
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Figure 7-1 (a) An IR-DFWM excitation scan for 560 ppm C2H2 diluted in an N2 gas flow. (b) An IR-
LITGS excitation scan for 200 ppm C2H2 diluted in an N2 gas flow. Both sets of measurements were 
performed at 296 K and at atmospheric pressure. The intensity of the simulated spectrum was 
normalized to the best fit to the measurements.  

 

Figure 7-2 (a) An IR-DFWM excitation scan for 230 ppm C2H6 diluted in N2 gas flow. (b) An IR-
LITGS excitation scan for 300 ppm C2H6 diluted in N2 gas flow. Both sets of measurements were 
performed at 296 K and at atmospheric pressure. The intensity of the simulated spectrum was 
normalized to the best fit to the measurements.  
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It is possible that there is a similar effect that can be seen in C2H2, in which stronger 
lines become broader and weaker than the surrounding weaker lines due to power 
broadening. It could also be that the energy transfer from the v7 band of C2H6 is less 
efficient than for the other C2H6 bands in this spectral region, leading to a weaker 
IR-LITGS signal being produced there. Further studies should be carried out to 
investigate this in more detail.  

IR-DFWM and IRPS are similar in terms of the resolution of the excitation scans 
[47, 116, 117] (Papers I, II, IV, V and VIII). IRPS has the advantage of it being 
possible there to select whether to enhance the P- and R-branch lines or the Q-branch 
lines in a molecular spectrum. This can help with line identification in the case of 
complicated molecular spectra [124, 146].  

7.2.2 Signal shape 

Apart from the signal intensity at different wavenumbers, the single shot signal 
shape in IRPS and IR-DFWM does not contain any specific information. However, 
the IR-LITGS signal shape (oscillation frequency, contrast of oscillations, decay 
time etc.) can be used to measure sound speed, temperature, viscosity, thermal 
diffusivity and other chemical properties of gases and other materials [90, 91, 100]. 
It can also be used for studies of molecular relaxation dynamics (see, e.g. [94-97]). 
To some extent, the signal shape is specific to the absorbing species, although 
further investigation is needed before this can be used for species-specific detection 
in complicated gas flows. IR-LITGS provides exciting possibilities for studies of 
ro-vibrational relaxation rates in molecules.  

7.3 Applicability 

7.3.1 Simplicity of alignment 

An advantage of IR-DFWM and IRPS over IR-LITGS is that only one laser source 
is needed to produce all the beams in the alignment, whereas IR-LITGS requires the 
use of one pump laser and one probe laser. An advantage of IR-LITGS over IRPS 
and IR-DFWM is that the signal detection there is in the visible spectral region, 
providing the advantage of being able to use photomultiplier tubes and other 
detectors for the visible spectral range, these being much more sensitive and noise-
free than mid-infrared detectors, and also less expensive and more readily available.  
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The alignment of mid-infrared non-linear laser techniques is generally complicated, 
since there is no simple way of visualizing the beams. Overlapping the mid-infrared 
laser beam with a visible CW laser beam, e.g. a HeNe laser beam, can help to 
facilitate alignment. Care needs to be taken, however, since the tracer beam and the 
mid-infrared beam are refracted differently in optical components such as beam 
splitters and lenses due to different refractive index for different wavelengths.  

Of the three techniques, IRPS is relatively easier to align since only two beams need 
to be crossed, and phase-matching is achieved automatically at all crossing angles. 
Possible interference from birefringence induced in optical components such as 
windows and lenses means IRPS is only suitable in measurement situations in which 
there are no optics between the polarizers. The alignment of IR-DFWM in the 
forward phase-matching geometry is relatively stable and straightforward with use 
of a set of well-designed BOXCARS plates [47]. In IR-LITGS, the main difficulty 
is in aligning the probe beam to intersect the LITG in the Bragg angle in order to 
obtain efficient diffraction. Unlike IR-DFWM, there are no optics such as 
BOXCARS plates available that can be of help in simplifying this alignment.  

7.3.2 Combustion diagnostics applications 

IRPS and IR-DFWM are better choices for high resolution excitation scans in 
flames. The IRPS and IR-DFWM lines are sharper, and the quadratic dependence 
on the absorption cross section provide a higher degree of contrast for strong lines 
of small molecules over backgrounds of high-density weak lines, which commonly 
exist in the hot gas flows of thermochemical reactions. Also, as shown in Paper VI, 
the IR-LITGS excitation scans in rich flames suffer from interference caused by 
many closely spaced transitions that make it difficult to identify signals from 
different species.  

The oscillation frequency of the IR-LITGS signal can be used for temperature 
measurements in flames, as illustrated in Paper VI. In theory, single-shot 
measurements of temperature using IR-LITGS is possible, since the signal shape 
contains all the information needed for temperature determination. Provided the 
flame composition at the measurement point can be accurately estimated, obtaining 
temperature measurements in turbulent flames by use of IR-LITGS should be 
possible. Since the hot H2O lines can be used for absorption and for resonant 
excitation, this obviates the need of seeding a tracer into the flame. 

Temperature measurements making use of the line ratio of H2O lines has been 
demonstrated in atmospheric pressure laminar flames by use of IR-DFWM [50] and 
in low pressure laminar flames using IRPS (Paper VIII). Validation of this technique 
is necessary in order to be able to apply the method without needing calibration 
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measurements. At present, the technique relies on an excitation scan which requires 
a finite period of time to complete. For applications in turbulent flames, a broadband 
laser would be needed to excite the two lines in question simultaneously. Further 
work is needed to determine whether this is practically possible. For single-shot 
temperature measurements in turbulent flames, IR-LITGS may be a better choice. 

IR-DFWM and IRPS signal intensities decrease at higher pressures due to molecular 
collisions destroying the coherent pumping [9, 10]. In contrast to this, IR-LITGS 
signals increase at higher pressures, due to more efficient thermalization of the 
absorbed laser energy there [10, 102, 104, 145]. This indicates that IR-LITGS could 
be a valuable technique for diagnostics in high pressure environments. For 
applications of IR-DFWM in high pressure environments, the interference caused 
by IR-LITGS signals would need to be investigated [49].  

Several studies have been carried out concerning changes in the PS signal with 
pressure. It has been shown that the sensitivity of PS increases at lower pressures 
due to a reduction in collisions [118, 147]. Similarly, the strength of the DFWM 
signal has been shown to increase at low pressures, also due to a reduction in 
collisions there [32]. PS and DFWM signals appear to be quite similar in terms of 
their pressure dependence [9, 32, 127], both PS and DFWM signals having been 
shown to be less sensitive to collisions when saturating pump laser intensities are 
employed [52, 68, 126-128, 133]. Such results indicate IR-DFWM and IRPS to be 
better suited for diagnostics at low pressures or atmospheric pressure rather than at 
high pressures. 

To the best of my knowledge, no quantitative studies have been performed that 
compare PS and DFWM in terms of pressure dependence so as to evaluate which of 
the two techniques is better suited for low pressure studies. Care needs to be taken 
in applying the results from previous studies to IRPS and IR-DFWM, since other 
rules may apply to co-propagating beams and/or to mid-infrared excitation lasers. 
A quantitative study of IR-DFWM and IRPS at low, atmospheric and at high 
pressures could be of considerable interest.  

In summary, there are both advantages and disadvantages with all the techniques 
investigated here. Proper choice of the most suitable technique should depend upon 
the measurement conditions that are involved and the quantities that need to be 
measured.  
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8 Summary and outlook 

IR-DFWM was used here to study the mid-infrared spectra of several different 
molecules at elevated temperatures (Papers I, IV and V). Factors of sensitivity, 
spectral structure and temperature dependence were discussed. These can be used 
to assess the applicability of the technique to in situ measurements in combustion 
situations, especially in the case of biomass applications. Future work should be 
aimed at improving the sensitivity of the technique and employing it to detect sulfur 
and chlorine compounds produced through the combustion and gasification of wood 
pellets and in applications involving other biomass fuels. The sensitivity of the 
technique can be improved substantially by use of an upconversion detector rather 
than a traditional cryogenic InSb detector, due to the lower noise levels and better 
suppression of scattering this would provide (Paper II).  

The use of a second technique, IR-LITGS, for the measurement of hydrocarbon 
species in non-reactive flows and flames was demonstrated as well (Paper III, VI 
and VII). Temperature measurements were performed in laminar atmospheric 
pressure flames through the use of IR-LITGS with pump lasers resonant with H2O 
absorption lines in the flames. The oscillation frequency of the IR-LITGS signals 
was used in obtaining the temperature measurements. Future work should be 
directed at carrying out a more detailed analysis of IR-LITGS signals. The initial 
measurements presented here indicate the possibility of using IR-LITGS for 
measurements of molecular energy transfer rates in the case of ro-vibrational 
transitions. Temperature measurements in well-characterized flames should also be 
performed to validate the measurement technique. The possibility of making use of 
the time-resolved IR-LITGS signal for simultaneous measurements of the 
temperature and the H2 content of rich flames should be investigated. The potential 
of the use of IR-LITGS in high pressure combustion environments should be studied 
as well, since the signal intensity can be expected to improve with rising pressure.  

A third technique, IRPS, was found to be promising both for the qualitative 
detection of different species and for quantitative measurements of their 
concentration in situ in a low pressure flame (Paper VIII). That study concerned 
dimethyl-ether, which has been increasingly investigated both as a biomass product 
and as a possible replacement for fossil fuels [3]. Temperature measurements in 
laminar low-pressure flames were obtained by recording IRPS excitation scans for 
hot H2O lines in the low-pressure flame and recording changes in line intensities 
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that occurred between different lines. In future work, the validation of temperature 
measurements here should be performed through conducting systematic 
measurements in well-defined flames. Changes in measured H2O line intensity 
ratios based on changes in temperature and pressure in flames should also be 
investigated, with the aim of improving the accuracy of the temperature 
measurements. It would be of considerable interest as well to study the possibilities 
for obtaining quantitative measurements of various radical species, where 
calibration measurements in well-defined gas flows cannot be obtained. In this case, 
as long as the absorption cross section is well defined, calibration could be 
performed through use of a stable intermediate species that is also present in the 
flames.  

The different techniques presented in the thesis (IR-DFWM, IR-LITGS and IRPS) 
were found to be similar in their sensitivity but to differ somewhat in their 
applicability. In future work, the advantages and disadvantages of these techniques 
under differing conditions (as regards to temperature, pressure, and the like) should 
be investigated in greater detail. All three laser techniques could be developed for 
the detection of new species in combustion environments. In quantitative 
investigations, use of a single-mode tunable laser source would greatly improve the 
stability of the signals. 
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Summary of papers 

Paper I  

Non-intrusive in situ detection of methyl chloride in hot gas flows using 
infrared degenerate four-wave mixing 

In this paper, we demonstrate the non-intrusive in situ spatially resolved detection 
of CH3Cl in reactive hot gas flows by use of infrared degenerate four-wave mixing 
(IR-DFWM). IR-DFWM spectra of CH3Cl, obtained by probing ro-vibrational 
transitions belonging to the fundamental stretching modes v1 and v4, were 
successfully recorded in gas flows diluted with nitrogen, under atmospheric pressure 
and at elevated temperatures of up to 820 K. The potential interference of water 
vapor is discussed on the basis of measurements of the H2O spectrum at 820 K, 
combined with simulations of the H2O IR-DFWM spectrum based on the HITEMP 
database. It was found that at elevated temperatures, the QQ6 line of the v1 band is 
relatively free of water interference. The potential of the interference free detection 
of CH3Cl with IR-DFWM in harsh environments, such as those of combustion, was 
demonstrated. 

I prepared and executed the measurements together with Jianfeng Zhou. I 
performed the data evaluation and was mainly responsible for the experiments. I 
wrote the paper together with Jianfeng Zhou, with the help of Zhongshan Li and 
Marcus Aldén. 

Paper II  

Low-noise mid-IR upconversion detector for improved IR-degenerate four-
wave mixing gas sensing 

In this paper, we demonstrate an improvement by a factor of 500 in the signal-to-
noise ratio for the detection of mid-infrared degenerate four-wave mixing signals in 
a direct comparison between a nonlinear upconversion detector and a conventional 
cryogenic InSb detector. We found there to be an improvement in detection limit by 
a factor of 60 compared with previously published data. Beside lower noise figures 
the upconversion method provided image information concerning the signal, thus 
adding new functionality as compared with standard point detection methods.  
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I was mainly responsible together with Zhongshan Li for planning and designing of 
the degenerate four-wave mixing setup and experiments. Lasse Høgstedt and Jeppe 
Seidelin Dam were responsible for employing the upconversion detector system and 
for carrying out most of the data evaluation. I performed the simulations of the IR-
DFWM signals and helped with the data evaluation. I helped to write the paper, 
which was written mainly by Lasse Høgstedt and Jeppe Seidelin Dam. 

Paper III  

Mid-infrared pumped laser-induced thermal grating spectroscopy for 
detection of acetylene in the visible spectral range 

In this paper, we performed mid-infrared laser-induced thermal grating 
spectroscopy (IR-LITGS) using excitation radiation of around 3 μm generated by a 
simple broadband optical parametric oscillator (OPO). These are, to our knowledge, 
the first LITGS measurements obtained using excitation wavelengths of around 
3 μm. Acetylene, regarded here as a typical small hydrocarbon molecule, is used as 
an example of a target species. A mid-infrared broadband OPO pumped by the 
fundamental output of a Nd:YAG laser was used to generate the pump beams, which 
had pulse energies of 6-10 mJ, the level of which depended on the wavelength. The 
probe beam was the radiation of a 532 nm CW solid state laser having an output 
power of 190 mW. The signals were generated in gas flows at atmospheric pressure 
of N2, air, CO2 and Ar with small admixtures of C2H2. As expected, the oscillation 
frequency of the IR-LITGS signal was found to be strongly dependent upon the 
buffer gas, which allows determination of the speed of sound in the mixture. In 
summary, the IR-LITGS technique enables the spectroscopy of fundamental 
vibrational transitions in the infrared to be carried out via detection in the visible 
spectral range.  

I planned and performed the measurements together with Johannes Kiefer. I 
performed the data evaluation and wrote the paper together with Johannes Kiefer, 
with the help of Zhongshan Li and Marcus Aldén.  

Paper IV  

Investigation of ro-vibrational spectra of small hydrocarbons at elevated 
temperatures using infrared degenerate four-wave mixing 

In this paper, we used infrared degenerate four-wave mixing (IR-DFWM) to 
investigate the ro-vibrational spectra at around 3 μm of four small hydrocarbons 
(C2H2, CH4, C2H6 and C2H4) at 296, 550 and 820 K. The spectra were recorded in 
gas flows of nitrogen containing small admixtures of the hydrocarbons. A fused 
silica glass tube surrounded by an electric heating wire was used to heat the gas 
flows. The IR-DFWM spectra that were recorded were compared with simulations 
obtained using the spectral information available in the HITRAN database, in order 
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to identify spectral lines. The measurements demonstrate there to be a rather good 
signal-to-noise ratio and good sensitivity, even at elevated temperatures. Several 
weak hot lines were detected that are not included in the current database. The paper 
demonstrates the potential of IR-DFWM for purposes of investigating spectral lines 
at elevated temperatures, which is often a challenging task with use of conventional 
absorption spectroscopy techniques. The possibility of employing IR-DFWM for 
combustion diagnostics of small hydrocarbons is discussed on the basis of the 
detection limits of the measurements and the potential water line interference 
involved. Due to the non-linear nature of the DFWM technique, it provides much 
stronger contrast of strong lines of small molecules in relation to backgrounds of 
high density weak lines, which commonly exist in the hot gas flows of 
thermochemical reactions. 

I planned the experiments together with Zhongshan Li and Jianfeng Zhou. I was 
mainly responsible for the experiments and the paper. I performed the 
measurements together with Jianfeng Zhou and I carried out most of the data 
analysis. I wrote the paper with help from Jianfeng Zhou and Zhongshan Li. 

Paper V  

Non-intrusive, in situ detection of ammonia in hot gas flows with mid-infrared 
degenerate four-wave mixing at 2.3 μm 

In this paper, we demonstrated the non-intrusive, in situ detection of ammonia (NH3) 
in reactive hot gas flows at atmospheric pressure using mid-infrared degenerate 
four-wave mixing (IR-DFWM). IR-DFWM excitation scans were performed in the 
v2+v3 and v1+v2 vibrational bands of NH3 at around 2.3 μm for gas flow temperatures 
of 296, 550 and 820 K. Simulations based on spectroscopic parameters from the 
HITRAN database were compared with the measurements in order to identify the 
spectral lines, an absorption spectrum also being measured at 296 K to compare it 
with the IR-DFWM spectra. The signal-to-noise ratio of the IR-DFWM 
measurements was found to be higher than that of the absorption measurement. 
Some of the spectral lines in the measured IR-DFWM and absorption spectra had 
no matching lines in the HITRAN simulation. The dependence of the NH3 IR-
DFWM signal on the quenching properties of the buffer gas flow was investigated 
by comparing the signals for NH3 diluted in gas flows of N2, Ar and CO2. It was 
found that at room temperature the signal was strongly dependent on the buffer gas 
but that the dependency decreased at elevated temperatures. IR-DFWM was found 
to have a clear potential for the detection of NH3 in combustion environments.  

I was mainly responsible for carrying out the experiments. I planned them together 
with Dina Hot and Zhongshan Li. I performed both the experiments and the data 
analysis and wrote the paper together with Dina Hot, with the help of Zhongshan 
Li.  
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Paper VI 

Mid-infrared laser-induced thermal grating spectroscopy in flames 

In this paper, we demonstrate what, to the best of our knowledge, was the first 
application of mid-infrared laser-induced thermal grating spectroscopy (IR-LITGS) 
within the spectral range of around 3 μm as a tool for flame diagnostics. This 
spectral region is of particular interest in combustion diagnostics, since many 
relevant species such as hydrocarbons and water exhibit fundamental vibrational 
modes and thus can be probed with a high sensitivity. A benefit of the use of IR-
LITGS is that it enables spectroscopy to be performed in the infrared spectral range 
in combination with signal detection in the visible spectral range. This means the 
strong thermal radiation inherent in the flames not representing an interference of 
any sort. As a first step, we present here the application of IR-LITGS to cold gas 
flows, in which traces of ethylene and water vapor can be detected. The time-
resolved LITGS signals, which can be acquired in a single laser shot, are rich in 
information, enabling the temperature and to some extent the chemical composition 
to be derived. In the second step, the IR-LITGS technique was applied to 
ethylene/air flames stabilized on a flat flame burner. A proof-of-concept study was 
carried out, one in which the temperature in the burned region of flames was 
determined, for a systematically varied equivalence ratio (0.72 < Φ < 2.57). Also, 
in a highly sooty flame, LITGS signals were recorded as a function of height above 
the burner, this allowing the temperature profile to be determined. The IR-LITGS 
method proposed has the potential of enabling single-shot measurements of several 
parameters at a time to be carried out. The applicability of this technique to sooty-
flame environments creates new opportunities for studying the complex formation 
of carbonaceous particles in flames.  

I designed and performed the experiments and carried out the data analysis together 
with Dina Hot and Johannes Kiefer. I wrote the paper together with Dina Hot and 
Johannes Kiefer, with the help of Zhongshan Li. 

Paper VII 

Misalignment effects in laser-induced grating experiments 

In this Note, the possible effects on Laser-induced grating spectroscopy (LIGS) 
from different forms of misalignment are examined. This includes the overlap of the 
pump lasers as well as the influence of the probe laser alignment on the temporal 
profile of the signal. It was found that when the pump beams either converge or 
diverge at the crossing point, the laser-induced grating (LIG) will have different 
spacing in different parts of the LIG. This leads to acoustic oscillations in the signal 
with different frequencies and thus a “beat” in the oscillations in the LIG signal. 
This was manifested as a recurrence of the oscillations. In the case of large 
misalignment, the beat becomes more obvious and it becomes more difficult to 
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determine the frequency of the oscillations. If the probe beam crosses the edge of 
the LIG, the stationary thermal part of the grating becomes negligible in size, the 
oscillations playing the major role part in the signals. For aligning a LIG experiment, 
the pump beams should have a well-defined profile, preferably Gaussian, and the 
pump beams should be parallel and be collimated in front of the crossing lens. The 
probe laser should cross the LIG at the Bragg angle and, if the probe beam waist is 
smaller than that of the pump beam waist, it should cross the latter at the center of 
the LIG.  

I designed and performed the experiments together with Dina Hot and Johannes 
Kiefer. Johannes Kiefer performed most of the data analysis and wrote the Note 
with input from me and the other co-authors.  

Paper VIII 

Mid-infrared polarization spectroscopy measurements of species 
concentrations and temperature in a low pressure flame 

We demonstrated non-intrusive, in situ detection of CH4, C2H2 and C2H6 in low-
pressure rich dimethyl ether/oxygen/argon flat flames using mid-infrared 
polarization spectroscopy (IRPS), probing the C-H stretching vibration bands at 
around 3 μm. The flames were stabilized on a McKenna-type porous plug burner. 
Quantitative CH4 concentration profiles in the flame were measured using on-line 
calibration of the optical system in a laminar CH4/N2 gas flow. Spectral information 
and line strengths at different temperatures were simulated with use of the HITRAN 
database. The temperature was measured from the relative line ratios of selected 
H2O lines measured with IRPS. These measurements show the possibilities of IRPS 
being used as a sensitive, non-intrusive technique for the detection of many small 
hydrocarbons in low-pressure flames. The quantitative measurements showed the 
possibility of using IRPS to validate probe measurements in flames.  

I had the main responsibility for the experiments, having planned them together with 
the other authors. The experiments were performed by me together with Dina Hot, 
Rasmus Lyngbye Pedersen and Jianfeng Zhou. I performed the major part of the 
data analysis. I wrote the paper together with Dina Hot and Rasmus Lyngbye 
Pedersen, with the help of Zhongshan Li. 
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Non-intrusive in situ detection of methyl
chloride in hot gas flows using infrared
degenerate four-wave mixing
A.-L. Sahlberg,* J. Zhou, M. Aldén and Z. S. Li

We demonstrate the potential of infrared degenerate four-wave mixing (IR-DFWM) as a tool for non-intrusive in situ spatially
resolved detection of CH3Cl in reactive hot gas flows especially feasible for applications to biomass combustion and gasification.
IR-DFWM spectra of CH3Cl, by probing ro-vibrational transitions belonging to the fundamental stretching modes v1 and v4, have
been successfully recorded in gas flows diluted with nitrogen at atmospheric pressure and elevated temperatures up to 820K. In
order to identify the spectral lines of CH3Cl, the recorded IR-DFWM spectra are comparedwith simulations usingmolecular param-
eters extracted from the HITRAN database. The potential interference from water vapor is discussed from measurements of H2O
spectrumat 820K combinedwith simulations of H2O IR-DFWM spectrumbased on the HITEMP database, and it was found that the
QQ6 line of the v1 band is relatively free fromwater interference at elevated temperatures. At atmospheric pressure, the detection
limits for temperatures at 296, 550 and 820K were estimated to be 2.1, 3.1 and 6.2 (×1015 molecules/cm3), respectively, by scan-
ning the QQ6 line of the v1 band. These results show the potential of interference free detection of CH3Cl with IR-DFWM in harsh
environments like combustion. Copyright © 2015 John Wiley & Sons, Ltd.

Additional Supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: degenerate four-wave mixing; mid-infrared spectroscopy; methyl chloride

Introduction

Biomass utilizations constitute a promising sustainable and carbon-
free energy solution.[1] However, the complicated chemical compo-
sitions in the fuels containing, e.g. Cl, K and S elements require
comprehensive knowledge-based understanding of the fate of
the aforementioned elements in different thermochemical pro-
cesses like combustion or gasification. Halogenated hydrocarbons
such as CH3Cl can be a major part of chlorine carrier in syngas from
biomass gasification. Besides, CH3Cl is also themost abundant halo-
genated hydrocarbons in the atmosphere. Whilemuch of the CH3Cl
probably originates from natural sources, a significant amount is
produced in combustion processes, mostly during biomass
combustion.[2] To reduce the emission of CH3Cl, it is essential to de-
velop a non-intrusive in situ technique to provide spatially resolved
measurements in biomass thermochemical conversion processes
for both kinetic validation and practical technique developments.

Degenerate four-wave mixing (DFWM) is a coherent nonlinear
laser technique that has been widely applied to non-intrusive
combustion diagnostics.[3] The technique was firstly presented by
Abrams and Lind[4] in 1978, and the first application in combustion
was reported in 1984 when sodium atoms seeded into an
acetylene/air flamewere detectedwith DFWM.[5] Since then, DFWM
has been applied to detect a large number of atoms andmolecules
in the visible/ultraviolet (UV) spectral range.[3,6,7]

Infrared degenerate four-wavemixing (IR-DFWM) has been com-
parably less widely applied, because in part to the less availability of
proper laser sources and sensitive detectors in this spectral region.
However, many important fuel molecules and intermediate species
in combustion that lack accessible transitions in the UV/visible
range, e.g. CH4, C2H2, C2H4, CH3Cl, HCN, HCl and HF, do have strong

ro-vibrational transitions in the mid-infrared. Germann et al. dem-
onstrated the detection of HCl,[8] CH4 and C2H2

[9] using IR-DFWM,
indicating that it is a sensitive technique for polyatomic hydrocar-
bon molecules. Vanderwal et al.[10] used IR-DFWM to detect HF.
Sun et al.[11] have applied IR-DFWM to flame temperature measure-
ments using the relative intensity ratios of hot H2O lines around
3230 cm�1. All these studies indicate that IR-DFWM could be a
sensitive tool for in situ detection in combustion situations of
important radicals, pollutants and intermediate species. However,
to the best of our knowledge, the application of IR-DFWM to detec-
tion of trace species in combustion environments has not yet been
reported.

As a coherent technique, there are two major phase-matching
schemes for DFWM: the phase-conjugate geometry (PCG) and the
forward phase-matching geometry (FPG).[3] In the UV/visible re-
gion, the PCG geometry is useful in achieving sub-Doppler resolu-
tion. In the FPG, it is easier to separate the signal beam from the
pump and probe beams, and the FPG also has better efficiency
because molecules in all Doppler groups contribute to the signal.
In the mid-IR spectral region, the Doppler broadening is negligible
compared with the pressure broadening, which diminishes the
need for sub-Doppler spectroscopy. Traditionally, the FPG setup
has beenmore difficult to align than the PCG, because the three in-
coming beams have to be focused together precisely at the correct
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angle to each other to fulfill the phase-matching requirement. Sun
et al.[12] recently developed a set of IR-BOXCAR plates, to facilitate
the alignment of the FPG IR-DFWM setup. The feasibility of the
setup has been demonstrated in the detection of trace level C2H2

and HCl as additives in cold N2 flows.
In this work, we demonstrate the potential of IR-DFWM as a tool

for non-intrusive in situ spatially resolved detection of CH3Cl in hot
gas flows. By probing the ro-vibrational levels of the v1 band around
2960 cm�1, the IR-DFWM spectrum of CH3Cl has been measured at
different temperatures, and detection limits have been estimated
for the current setup. The potential interference from water vapor
is discussed from measurements of the IR-DFWM spectrum of H2O
at 820 K combinedwith simulations based onmolecular parameters
extracted from the HITEMP database[13] to demonstrate the poten-
tial of IR-DFWM for detection of CH3Cl in combustion environments.

Experiment

The IR-DFWM setup used in the experiments is shown in Fig. 1. The
mid-infrared laser light was generated by a laser system that has
been described previously,[14] and only a brief description is given
here. The second harmonic of an injection seeded Nd:YAG laser
(Spectra Physics, PRO 290-10) was used to pump a dye laser (Sirah,
PRSC-D-18), giving tunable laser light around 808nm. The dye laser
light was then frequency mixed in a LiNbO3 crystal with part of the
residual 1064nm output from the Nd:YAG laser. This light was fur-
ther amplified in another LiNbO3 crystal, to provide pulsed tunable
mid-infrared laser light with pulse energies around 2mJ and pulse
lengths of 3–4ns. The line width of the final IR laser output has been
measured to be 0.025 cm�1.[15] The polarization of the IR output
was rotated from horizontal to vertical using a half-wave plate, to
increase the reflectivity of the gold mirrors. A telescope was used
to shrink the beam size down to approximately 3mm. The reflec-
tion from a CaF2 window was sent to a power meter to monitor
the laser energy during the scan.
The IR laser beamwas overlappedwith a He–Ne laser beam to fa-

cilitate the optical alignment. The laser beam was split into four
beams using the IR-BOXCAR plates. A detailed description of the
BOXCAR plates can be found elsewhere.[12] Three of these beams
were focused with an f=500mm CaF2 lens in the middle of the
gas tube. The fourth beam was used to trace the signal beam to
the detector, because this beam follows the signal beam path.
The signal beam was collimated by another f=500mm CaF2 lens
and then directed to an InSb liquid nitrogen cooled photo detector

(Judson technologies, J10D-M204-R04M-60). Part of the residual
dye laser beam after the frequency mixing was directed to a
wave-meter (High Finesse, WS/6 High Precision UV), to monitor
the dye laser wavelength during the scan.

The sample of CH3Cl mixed with N2 was prepared as a continu-
ous flow through an open T-shaped heating gas tube, see Fig. 1.
The gas flows were controlled by Bronkhorst mass flow controllers,
and the concentration of CH3Cl was varied by adjusting the relative
flows of the gasses through the gas tube. The total flow of the gas-
ses through the tube was 4.5 l/min, giving a flow speed at room
temperature of 25 cm/s. The laser beams crossed in the middle of
the gas tube, and the signal beam was directed to the detector.
The laser wavelength was scanned over the wavelength of the ab-
sorption peaks by tuning the dye laser wavelength.

The heating gas tube is made of fused silica glass and
surrounded by an electric heating wire and insulation. It is insured
that there are no catalyst effects in the heated gasses. A thermocou-
ple was inserted through the top of the gas tube andmeasured the
temperature of the gas ~1mm beside the measurement point of
the DFWM laser beams. The temperature in the interrogated region
was assumed to be uniform and to be the same as what the ther-
mocouple measured.

The absorption measurements were performed in a 50-cm long
gas cell with CaF2 windows mounted in the Brewster angle at each
end of the gas cell. The cell was flushedwith a gas flow of 5900ppm
CH3Cl diluted in N2, at 296 K and 1 atm. The laser output was split
into two beams and directed to two separate InSb liquid nitrogen
cooled photo detectors. One beam passed through the gas cell,
and the absorption was calculated from the ratio of the signal from
the laser beams with and without absorption. The laser energy was
reduced by several neutral density filters to avoid saturation effects
in the absorption.

Simulations

A phenomenological understanding of the DFWM theory has been
presented.[3,4,6] Most theoretical studies concerning DFWM assume
a monochromatic laser and isolated transitions.[4,16,17] However, a
molecular spectrum is often much more complicated, with several
closely spaced transitions ‘merging’ into one absorption line, and
these situations are harder to simulate.[9] There have been studies
of this theoretical problem of closely spaced absorption lines in
DFWM;[18] however, they usually assume the phase conjugate
geometry, using UV lasers, and requiring large direct numerical sim-
ulation computations. In this paper, an empirical expression is

Figure 1. Schematics of the experimental setup.
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adapted, where the DFWM signal for saturated laser intensities is
assumed to be[3,19]

IDFWM ∝ N2
0 � σ νð Þ2 � I0:5laser (1)

where IDFWM is the IR-DWM signal, N0 is the number density of the
species, σ(ν) is the linear absorption cross section at wavenumber
ν and Ilaser is the laser intensity. This equation is shown to replicate
the general shape of our experimentally recorded spectra. A Voigt
profile is used to characterize σ(ν) in the simulations. An empirical
fitting to the experimental spectrumwas used to determine the line
width of the Voigt profile in the simulation. The spectral data for the
simulations are extracted from the HITRAN database.[20] The data in
HITRAN is based on IR Fourier transform measurements of CH3Cl
absorptions at low pressure and calculations of transitions, line po-
sitions and line intensities performed by Bray et al.[21]

As a symmetric top molecule, the ro-vibrational spectrum of
CH3Cl can be described using the quantum numbers J (total angu-
lar momentum) and K (angular momentum around the top axis).
CH3Cl has six fundamental vibration modes. Around 3000 cm�1,
the strongest transitions originate from the parallel CH3 stretching
mode v1 and the perpendicular CH3 stretching mode v4.

[21] The
rotational selection rules for the v1 band are ΔJ=0, ±1 and ΔK=0,
and for the v4 band the rules are ΔJ=0, ±1 and ΔK=±1. As an
example, the line notation QPK(J) refers to a transition with ΔK=0,
ΔJ=�1 and quantum numbers K and J for the lower rotational
level.

Figure 2 shows the simulated DFWM spectrum of CH3Cl at 296 K,
compared with a bar plot of position and relative line strength of

the transitions. The figure includes a zoom in on the QQ6,
QRK(10)

and QRK(15) lines with notations for the different transitions. It is
clearly shown that the closely spaced transitions in a Q-branch
strongly enhance the DFWM signal compared with the R-branch
and P-branch lines.

Measurements and results

Figure 3 shows the simulated absorption and IR-DFWM spectrum of
CH3Cl at 296 K, compared with a measured absorption spectrum,
recorded in a 50-cm long gas cell with 5900ppm CH3Cl diluted in
N2, and an IR-DFWM scan recorded in a gas flow of 1546ppmCH3Cl
diluted in N2. Compared with the absorption spectrum, the IR-
DFWM spectrum shows amuch higher signal for theQ-branch lines
compared with the R-branch lines. The DFWM spectrum also shows
a narrower line width and higher resolution because of the nonlin-
ear nature of the DFWM technique.

For spectroscopic investigations in combustion environments
in the mid-infrared, there is always a large interference from
H2O, which is present in large quantities in all combustion envi-
ronments and has a strong absorption lines in the mid-infrared.
To investigate the potential of CH3Cl detection in combustion
environments, the interference from water vapor must be tested.
The IR-DFWM spectrum of H2O at 820 K was investigated by
sending N2 through a bubbler containing water, thereby gener-
ating a flow of H2O diluted by N2 that was then directed
through the heating tube. The bubbler was placed in a water
bath kept at 70 °C to increase the concentration of water in
the flow. At 70 °C, the vapor pressure of water is 31 kPa, giving

Figure 2. Illustration of the infrared degenerate four-wavemixing simulation of CH3Cl. The blue line is the infrared degenerate four-wavemixing simulation,
and the red curve is a bar plot of the line position and relative line strength of the transitions extracted from the HITRAN database. (a) The Q-branch and R-
branch of the v1 band and theQ-branch of the v4 band. The figure contains line notations for the

QRK(J) lines of the v1 band. The
QQ6 line of the v1 band and the

PQ6 line of the v4 band are also indicated in the figure. (b) Zoom of the QQ6,
QRK(10) and

QRK(15) lines of the v1 band. Notations of J-value and K-value for
specific transitions are included in the figure for the CH3

35Cl and CH3
37Cl. The many closely spaced transitions in a Q-branch line enhance the infrared

degenerate four-wave mixing signal compared with the single P-branch and R-branch lines.

Non-intrusive in situ detection of methyl chloride
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a concentration of H2O of ~30% in the flow. Because the bub-
bler was placed directly beneath the heating tube, the decrease
in concentration of H2O in the flow through condensation on
the walls of the heating tube is negligible.
Figure 4 shows a part of the measured IR-DFWM H2O spectrum,

compared with a simulation at 820 K. Spectroscopic data for the
transitions in the simulation is shown in Table 1. It can be noted that

the measured IR-DFWM spectrum of H2O seems to be missing a lot
of lines compared with the simulation. During the measurements,
no effort was made to decrease the amount of H2O in the ambient
air. The path length of the mid-IR laser beam from the laser to the
detector is around 5m. At an assumed concentration of 1% water
vapor in the air, the absorption of the stronger cold H2O lines over
this path length is strong. This explains why the H2O lines that have

Figure 3. Comparison between measurement (blue) and simulation (red) of (a) an absorption spectrum of CH3Cl for a path length of 50 cm and mole
fraction 5900 ppm, and (b) a infrared degenerate four-wave mixing spectrum of CH3Cl at atmospheric pressure at 296 K. Notations for the PQK lines of the
v4 band and the QQK lines of the v1 band are included in the figures.

Figure 4. IR-DFWM excitation scan in a gas flow of H2O mixed with N2 (blue), compared with a simulation of the H2O IR-DFWM signal at 820 K (red), and a
simulation of the transmission spectrum of water at 296 K for a concentration of 1% and a path length of 5m (green). The lines that have significant
absorption at 296 K are not visible in the IR-DFWM measurement because of a strong decrease in the laser energy at these wavelengths. Spectroscopic
data for the transitions labeled a–h is shown in Table 1. DFWM, degenerate four-wave mixing; IR-DFWM, infrared degenerate four-wave mixing.
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significant line strength at room temperature are absent in the
measured IR-DFWM spectrum of H2O at 820 K. Only the hot H2O
lines show an IR-DFWM signal in the spectrum. As we see from
Fig. 4, in the application of IR-DFWM for detection of CH3Cl in com-
bustion environments, the interference from both hot and cold H2O
spectral lines needs to be carefully considered. Shown in Fig. 5 is
the H2O IR-DFWM spectrum, compared with the measured CH3Cl
IR-DFWM spectrum. Also shown in the figure is a simulation of
the H2O IR-DFWM spectrum at 820 K using data from the HITEMP
database and a simulation of the H2O absorption spectrum at
296 K. None of the strong Q-branch lines of CH3Cl seem to be af-
fected by cold H2O absorption lines. Comparing the measured
H2O and CH3Cl DFWM spectrum, it can be seen that the PQ6 line
of the v4 band has interference from a weak hot H2O line. Simula-
tions from the HITEMP database indicate that this interference be-
comes more important at higher temperatures. However, most
QQ-branch lines of the v1 band, and specifically the strong QQ6 line
of the v1 band at 2965.76 cm�1, appear to be free from water inter-
ference. Our study of the CH3Cl spectrum is therefore focused on
this spectral region. Note that the potential interference from

different hydrocarbon molecules should also be considered before
application of the IR-DFWM technique for detection of CH3Cl in
combustion environments.

Figure 6 shows excitation scans over the QQ-branch lines of
CH3Cl at 296K, 550K and 820K, compared with simulations using
data from the HITRAN 2012 database. As can be seen, the simula-
tion fits the general shape of the measurement. An exception to
the agreement is the line group centered at 2962.8 cm�1, which is
marked in the figure. This line group has significantly lower signal
intensity in the measurement than the simulation predicts. The
transitions in the simulation in this line originate from the PQ9 line
of the ν4 band and the QP3(5) line from the v1 band, as opposed
to the other lines in this region that are from the QQ-branch of
the v1 band. However, the HITRAN database predicts that the sig-
nals from this line should have similar intensities as the QQ-branch
lines surrounding it, while the measured IR-DFWM signal is clearly
much lower. There are also several other P-branch transitions in
the interval 2959–2963 cm�1 that are not present in the IR-DFWM
measurement scan, although this difference becomes less impor-
tant at higher temperatures. In Fig. 3, the measured absorption

Table 1. Spectroscopic data from the HITEMP database for the selected water lines in Fig. 4

Wavenumber
/cm�1

Intensity at 820 K /cm-1/
(molecule × cm�2)

Lower state
energy/cm�1

Vibrational level Rotational levelNumber

Upper Lower Upper Lower

a 3010.232450 4.335�10�22 382.5169 0 2 0 0 0 0 3 2 1 4 3 2

b 3012.067690 4.829�10�23 2471.2549 0 2 0 0 0 0 9 8 2 10 9 1

3012.067690 1.447�10�22 2471.2549 9 8 1 10 9 2

c 3012.530970 5.640�10�22 488.1077 0 2 0 0 0 0 3 3 0 4 4 1

3012.543210 4.071�10�22 552.9114 5 1 4 6 2 5

d 3015.615320 7.77�10�22 586.2435 0 2 0 0 0 0 6 1 6 7 0 7

e 3019.212746 4.64�10�23 3766.3870 1 0 0 0 0 0 11 11 1 12 12 0

3019.212752 1.392�10�23 3766.3870 11 11 0 12 12 1

f 3021.771110 1.586�10�22 3512.4048 1 0 0 0 0 0 11 10 1 12 11 2

3021.771146 4.826�10�23 3512.4048 11 10 2 12 11 1

g 3023.149950 8.786�10�23 1789.0428 0 2 0 0 0 0 7 7 1 8 8 0

3023.149950 2.643�10�22 1789.0428 7 7 0 8 8 1

h 3023.809910 1.687�10�22 2972.8274 0 2 0 0 0 0 10 9 2 11 10 1

3023.810051 3.942�10�23 2972.8274 10 9 1 11 10 2

Figure 5. IR-DFWM excitation scan at 820 K in 4978 ppm CH3Cl (blue) and 30% H2O (red), diluted in N2. The green curve is a simulation of the IR-DFWM
spectrum of H2O at 820 K, and the turquoise curve is a simulation of the transmission spectrum of H2O at 296 K, for a concentration of 1% H2O in the
ambient air and a path length of 5m. DFWM, degenerate four-wave mixing; IR-DFWM, infrared degenerate four-wave mixing.
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spectrum fits well with the simulation from the HITRAN database,
and the P-branch lines from the v1 band and the PQ9 line of the ν4
band are clearly present in the scan. At this moment, we do not
have a clear explanation for the difference between the measured
IR-DFWM scans and the simulations. It is possible that the internal
energy transfer between different vibration modes is faster for
the v4 branch at higher K-values, causing a faster wash out of the
signal for the PQ9 line compared with the surrounding QQK lines.
The degree of saturation of the IR-DFWM signal and collision effects
might also affect the IR-DFWM signal. The asymmetric line shape of
some of the detected IR-DFWM signals, like the one close to
2963.3 cm�1 is most likely due to mode-hopping during the scan
of the multi-mode dye laser.
It has been shown previously[22] that there are several advan-

tages of using saturating laser energies for the DFWM signal. The
collision dependence is less, the signal is less affected by absorption
and laser power fluctuations and the pressure dependence is re-
duced. During thesemeasurements, the laser energies are assumed
to be saturating. A power dependent measurement has been per-
formed, and the results are shown in Fig. S1 (Supporting Informa-
tion), which supports this assumption. The DFWM signal is
expected to exhibit a quadratic dependence on the concentration
of the absorbed species.[3] This was also the case in these experi-
ments, as shown in Fig. S2 (Supporting Information). The detection
limit at three temperatures was estimated from the concentration
dependence of the IR-DFWM signal, and the results are shown in
Table 2. Fig. S3 (Supporting Information) shows the detection limit
at each temperature, extrapolated to 1500K, to give an indication

of the detection limits that can be expected at flame temperatures.
Recently, Høgstedt et al.[23] reported IR-DFWM measurements of
C2H2 using a nonlinear up-conversion detector with 500 times
better signal-to-noise ratio than the InSb detectors used in these
measurements and consequently a much lower detection limit.
Utilizing this detector, it would be possible to greatly improve the
sensitivity of detection of CH3Cl using IR-DFWM.

Conclusions

We have shown that IR-DFWM is a promising technique for in
situ detection of CH3Cl at elevated temperatures. A spectrum
of the QQ-branch of the v1 band has been detected at tempera-
tures of 296, 550 and 820K, and a detection limit of 2.1, 3.1 and
6.2 (×1015 molecules/cm3), respectively, has been estimated.
Simulations from the HITRAN database agree reasonably well
with measurements, although there are some discrepancies.
Further studies are required to determine the causes of the dif-
ference. Measurements of the H2O spectrum at 820 K and simu-
lations from the HITEMP database show that detection of CH3Cl
in the QQ-branch of the v1 band should be feasible with rela-
tively little H2O interference. Future work is planned for detec-
tion of CH3Cl in situ in biomass combustion.
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We compare a nonlinear upconversion detector with a conventional cryogenic InSb detector for the detection of
coherent infrared light showing near-shot-noise-limited performance in the upconversion system. The InSb detector
is limited by dark noise, which results in a 500 times lower signal-to-noise ratio. The two detectors are compared for
the detection of a coherent degenerate four-wavemixing (DFWM) signal in the mid-infrared, and applied to measure
trace-level acetylene in a gas flow at atmospheric pressure, probing its fundamental rovibrational transitions. In
addition to lower noise, the upconversion system provides image information of the signal, thus adding new func-
tionality compared to standard point detectionmethods.We further show that the upconversion detector system can
be implemented as a simple replacement of the cryogenic detector. © 2014 Optical Society of America
OCIS codes: (040.3060) Infrared; (280.4788) Optical sensing and sensors; (280.1740) Combustion diagnostics;

(190.7220) Upconversion; (110.3080) Infrared imaging.
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Mid-infrared (mid-IR) detectors are applied in a wide
range of applications and in a wide range of fields,
from surveillance and analysis in industry to advanced
research applications. Most detectors are solid-state de-
vices based on direct detection of mid-IR light [1] and, as
a result of inherent thermal radiation, dark counts are
often a major noise issue. Alternative methods based
on nonlinear upconversion in periodically poled lithium
niobate (PPLN) waveguides have been demonstrated
around 1550 nm [2,3] and 2 μm [4] with high efficiencies,
allowing for the use of low-noise visible light avalanche
photodiodes for detection of infrared (IR) light. The same
principles have been applied for the upconversion of
incoherent mid-IR images by Dam et al. [5] using a con-
tinuous wave intracavity PPLN mixing scheme.
Given the widespread use of mid-IR detectors, upcon-

version detection can have a large impact on areas that
work with low-noise mid-IR measurements. The imple-
mentation of the upconversion technology will in most
setups be a simple detector replacement, using well-
established silicon technology to detect the upconverted
light.
Molecular spectroscopy in the mid-IR spectral range is

attracting growing interest, particularly for gas sensing in
relation to energy and environmental applications, due to
the unique possibility of sensitive measurements of a
long list of crucial molecular species, e.g., C2H2, CH4,
OCS, H2S, HCl, HF, and HCN, which otherwise can
hardly be detected. For this reason, a sensitive and
noise-free detection method of signal photons in the
mid-IR is of utmost importance.
Spectroscopic methods, such as grating-based mono-

chromators and Fourier transform IR spectroscopy,
are commercially available and applied on a routine
basis. For pulsed in situ measurements, IR polarization
spectroscopy and degenerate four-wave mixing (DFWM)
have been used within combustion analysis, and
acetylene concentrations down to 30 parts per million
(ppm) have been detected [6,7].

Going to lower concentrations would allow for a more
detailed analysis of the combustion processes and, at the
sub-ppm and parts-per-billion levels, applications in
other fields appear, e.g., breath analysis [8] and explo-
sives detection.

In [9], a pump–probe experiment demonstrates 2D IR
spectroscopy with upconversion using femtosecond
pulses and shows that upconversion is feasible for detec-
tion of mid-IR signals in DWFM setups. The setup, how-
ever, is highly complicated due to the timing issues.

In [10], the combination of upconversion detection and
DWFMwas first demonstrated in connection with the im-
proved detection of acetylene. Thesemeasurements dem-
onstrated detection of acetylene concentrations down to
3 ppm. However, no quantitative comparison of detector
performance and the (signal-to-noise ratio) SNR of the
upconversion-based system was made relative to tradi-
tional cryogenically cooled InSb detectors. Using a setup
similar to the one in [5,10], this Letter quantifies a 500
times improvement in SNR compared to a conventional
cryogenic InSb detector, using continuous wave upcon-
version detection. Furthermore, a threefold improve-
ment, down to 1 ppm in the detection of acetylene
concentration, is demonstrated, compared to previous
results reported with a DFWM setup using upconversion
[10] and more than a 10 times improvement compared
to InSb-based detection. The system is based on nonlin-
ear frequency conversion well known from second-
harmonic generation and can be realized in a compact
fashion using commercially available components.

For the benchmark test between the upconversion de-
tector at room temperature and the cryogenic InSb detec-
tor, DFWM is a suitable setup, as this is, in principle, a
background-free technique and the sensitivity in detec-
tion of low gas concentrations is limited directly by
the detector sensitivity and noise level. In practical mea-
surements, however, there is always unwanted scattered
laser light close to the DFWM signal beam. This was
also the case in the current setup, but with the imaging
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capabilities of the upconversion detector it was possible
to decrease the background level significantly, as men-
tioned in [10].
The setup used in the experiment is illustrated in Fig. 1

and consists of three sections: the mid-IR light source,
the gas tube where the four-wave mixing occurs, and
the dual detection section. The light source [6] is based
on a 10 Hz tunable dye laser around 790 nm that is fre-
quency mixed in a LiNbO3 crystal to provide mid-IR light
tunable from 2900 to 3400 cm−1. This is amplified in a
second LiNbO3 crystal to achieve pulse energies of 4–
5 mJ. The pulse length is around 4 ns and the linewidth
has been measured to be 0.025 cm−1 [11]. The beam is
passed through a set of BOXCAR plates [7] and split into
four beams of equal intensities. Three of these beams are
focused to overlap at the center of the flow cell with an
estimated interaction volume of �0.4 × 0.4 × 10�mm3.
Through DFWM, the three beams will generate a fourth
beam when acetylene molecules are present in the inter-
action volume. This fourth beam constitutes the signal
and the residual of the three beams is blocked. The signal
beam is then passed on to scaling optics and apertures.
One aperture was placed in the Fourier plane to block

high spatial frequency scattering components. A flip mir-
ror directed the signal beam to either the upconversion
detector, or the cryogenic InSb detector (J10D-M204-
R04M-60, Teledyne Judson Technologies) to reproduce
the single detector setup [7]. In the upconversion module,
the vertically polarized mid-IR signal beam passes
through a germanium window and onto a 5% MgO-doped
LiNbO3 crystal placed inside a 70 W intracavity field at
1064 nm in a Nd:YVO4 laser. In the PPLN crystal, poled
with a period of 22 μm, the mid-IR signal is frequency
mixed with the intracavity field to generate near visible
light around 800 nm. This light is passed through a set of
filters before it is detected by an electron multiplying
CCD chip (Luca, Andor Technology). To avoid stray light
from background emissions, the whole upconversion de-
tector system is sealed in a black box. The beam waist of
the mixing laser inside the PPLN crystal is 180 μm, defin-
ing the effective detector area. The upconversion module
is described in greater detail in [5], the only change being
that the pump diode for the Nd:YVO4 laser has been ex-
changed with an 880 nm laser diode to separate the pump
wavelength from the visible signal wavelength. This will
allow for more efficient filtering and thus minimize the
800 nm light reaching the CCD chip as spill light from
the pump.

A measurement was conducted by recording the signal
from the gas flow at a given acetylene concentration
while the wavelength of the mid-IR light source was
scanned at a rate of 0.05 cm−1∕s. For the InSb detector,
the data acquisition is a straightforward oscilloscope
reading. The imaging capability of the upconversion de-
tector [5] is utilized in the data acquisition for the upcon-
version detector, and Fig. 2 shows a raw image of the
upconverted mid-IR signal. A full measurement scan con-
sists of a whole range of CCD frames, each assigned to a
specific pulse and wavelength. Each point in a spectrum
is thus the sum of the data pixels in a single frame. The
data pixels are selected for the lowest concentration to
optimize the signal/scattering ratio, and this selection is
then applied globally to all the measurements. It is not
entirely possible to suppress the scattering by pixel selec-
tion. Without pixel selection, scattering would dominate
at low acetylene concentrations [10].

In Fig. 3, a range of acetylene spectra obtained at low
concentrations around the R9e line of the (010(11)^0)-
(000 0^0 0^0) band line is displayed. To reduce the effect
of power fluctuations from the mid-IR source, each trace
is an average of 10 identical sweeps that each includes all
the wavenumbers, as indicated by the first two raw image
blocks in Fig. 2. Furthermore, the background and part of
the scattering are removed by subtraction of a reference
spectrum acquired with a pure N2 gas flow. During the
scan, dust particles occasionally passed through the
beam, causing major single frame spikes in the signal
due to scattering. These spikes have been removed by
postprocessing before the spectra were generated, and
finally to smooth out the graphs, a 10-point running aver-
age has been applied on the data. The peaks for the differ-
ent concentrations do not overlap completely due to
wavelength fluctuations of the mid-IR light source that
origin from mode hops and instabilities. As this relates
directly to the light source, it is relevant for both types
of detectors. Overall, the measurements correspond well
with the gas line simulation from the Hitran 2012 data-
base [12], as seen from Fig. 3. This simulation is gener-
ated with a Voigt line-shape function [7] with a half-width
at half-maximum linewidth of 0.06 cm−1. This empirical
approach includes contributions from Doppler, power,
laser linewidth, and collisional broadening [7].

Across short scans, the phase-matching condition
for the frequency upconversion can be regarded as con-
stant, but for longer scans it is necessary to tune the

Fig. 1. Sketch of the full DWFM experimental setup consisting of a pulsed mid-IR light source, a set of BOXCAR plates that splits
the beam into four, a gas tube with a diluted acetylene flow, and the choice of two detectors for the generated signal.
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temperature continuously during the wavelength sweep.
This has been demonstrated in [10].
The detected signal is given as photons per pixel per

pulse and, in the following, the conversion from camera
counts to detected photons is described. Specifically, the
absolute calibration is computed from the camera counts
by comparing the difference in camera counts with and
without electron multiplication and the specified well
depth of the CCD without electron multiplication. The
dark current is assumed to be 0, which is a good
assumption given the dark current of the camera of
0.05 e∕pixel∕s with an exposure time of 1 ms. The photon
number estimation is verified by computing the standard
deviation of the camera counts from an unilluminated
area of the CCD. This gives a reasonable estimate of
the read noise measured in camera counts. From the con-
version factor from well-depth estimation, this corre-
sponds to a read noise of 0.5 e. The specified read
noise from the CCD in electron multiplication mode is
<1 e, thus verifying the power calibration of the camera.
The total amount of detected photons is defined by the

selected number of data pixels, in this case four, as
shown in Fig. 2. Without spatial filtering and in the case

of no scattering, the data pixel area could be extended to
include the whole signal area, thus increasing the signal
intensity by a factor of approximately 4. To give an under-
standing of the sensitivity of the upconversion detector in
the mid-IR regime, the right y axis in Fig. 3 describes the
amount of incoming mid-IR signal photons, calculated
from the estimated total power transmission efficiency:

η � ηCCD · ηconv · ηfilters � 0.22 · 0.15 · 0.5 � 0.017; (1)

where ηCCD and ηconv are the quantum efficiencies of the
camera and the nonlinear process, respectively, and
ηfilters is the power fraction through the filter set
described in Fig. 1.

The line integration of a single gas line, i.e., the area
under the peak, obtained from a DWFM measurement
is expected to have a quadratic dependence with the gas
concentration under optically thin conditions [7]. This is
supported by the plot in Fig. 4, where the measured line
integrated intensity of eight different acetylene concen-
trations from the upconversion detector and three from
the InSb detector are plotted. The data acquired with the
upconversion detector are fitted to the equation y � axk.
A best fit procedure results in k � 1.94, showing a good
fit to the expected value of k � 2. For the 12 ppm con-
centration, there is a discrepancy for the InSb measure-
ment as this point is close to the noise floor of the
detector. The specific acetylene concentrations were cal-
culated from the mass flowmeter readings and the gas
concentration used. The error bars in Fig. 4 represent
the standard deviation on the line integrated intensities
obtained from 10 identical measurements.

The underlying spectra of the three lowest concentra-
tions are shown in Fig. 3. The horizontal lines in Fig. 4
show the standard deviation on the line integration of
10 identical measurements with pure nitrogen flow
for the InSb and the upconversion detector. This we
define as the detector noise level for each detector,
and the possible detection limit is the intersection be-
tween this line and the quadratic dependency line. From
this we can quantify that the upconversion detector has
approximately 500 times better SNR than the cryogenic
InSb detector. Due to the quadratic dependency, this

Fig. 2. Illustration of the raw data image stack that forms the
basis for the measured spectra. Each point in a spectrum is the
sum of the pixels in a single frame. The displayed frame is a
section of the full image and recorded at an acetylene concen-
tration of 6 ppm.
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Fig. 3. Examples of spectra obtained at low acetylene concen-
trations. Each trace is the average of 10 scans and a running
average of 10 points has been applied after the background ob-
tained at 0 ppm has been subtracted. The intensity values are
computed from the camera specifications and the right axis is
calculated from the inherent loss in the detector system.

Fig. 4. Plot of the line integrated intensity of the R9e line of the
(010(11)^0)-(000 0^0 0^0) band line as a function of acetylene
concentration. The noise levels are computed from the stan-
dard deviation on the noise in the two detectors. The error bars
indicate the standard deviation on the signal intensities.
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translates to a factor of more than 20 in improved detec-
tion limit compared to the InSb measurements at hand.
Unfortunately, it was not possible to prepare acetylene
concentrations below 1 ppm in the current setup due
to limitations in the mass flow controllers.
Table 1 shows how the standard deviation on the inte-

grated peak intensities translates into deviations on the
acetylene concentrations. From this we conclude that the
upconversion technique is stable and generally performs
well in DFWM gas detection. It seems that the precision is
limited to 1%, possibly limited by the laser power fluctu-
ations described earlier.
It is possible to use an InSb detector with a smaller

detector area and thus a smaller noise equivalent power
(NEP), but this is not recommended due to beam wan-
dering and fundamental alignment difficulties at these
wavelengths.
To get a detailed understanding of the detector perfor-

mance, a simple comparison of SNRs is not sufficient.
From the experiments it was clear that the InSb detector
is limited by the inherent NEP (NEP � 3.0 pW∕�Hz�1∕2),
where the upconversion detector is limited by the scat-
tering. This indicates great potential for pushing the de-
tection limit further down by further suppressing the
residual scattering. This could be done by improving
the anti-reflection coatings on the optical surfaces, by us-
ing higher grade optics in the system, or by more efficient
filtering and screening. As the upconversion detector is
ultimately limited by the signal shot noise, we expect the
system to achieve detection limits that are 1 order of
magnitude better in a scattering free setup.
A special feature of the upconversion detector is the

inherent limited spectral and angular acceptance band-
width. For the system at hand, the spectral acceptance
bandwidth is calculated, from the Sellmeier equations,
to be approximately 6 nm and the monochromatic field
of view to be 16 mrad. In high-temperature measure-
ments, e.g., under flame conditions, this implies that only
a narrow part of the thermal noise is collected, providing

a significant advantage compared to conventional cryo-
genic detectors that both have a large field of view and an
acceptance bandwidth that is several orders of magni-
tude broader. We have demonstrated that the upconver-
sion detector can be applied as an efficient upgrade to a
state-of-the-art low-signal mid-IR measurement system.
The implementation is a simple detector replacement
and further allows for imaging and correspondingly
improved spatial filtering. From the quantitative compari-
son, we can conclude that the upconversion system
shows near-shot-noise-limited performance, while the
InSb detector is limited to 500 times lower SNR. This
presents possibilities for many potential applications in
which the detection of low-level mid-IR signals is critical.

Part of this work was financed by the Swedish
Research Council (VR), the Swedish Energy Agency
through the Centre for Combustion Science and Technol-
ogy (CECOST), and European Research Council
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Table 1. Standard Deviations of the Spectral
Measurements Translated to Absolute Deviations

of the Gas Concentrations

Concentration
C2H2 [ppm]

Deviation [ppm]
(Upconv. detector)

Deviation [ppm]
(InSb detector)

1.0 �0.051�5.1%� —

1.5 �0.048�3.2%� —

2.0 �0.055�2.8%� —

3.0 �0.047�1.6%� —

6.0 �0.059�0.99%� —

12 �0.12�1.0%� �0.43�3.6%�
18 �0.14�0.77%� �0.51�2.8%�
27 �0.24�0.91%� �0.33�1.2%�

5324 OPTICS LETTERS / Vol. 39, No. 18 / September 15, 2014



Paper III





Article

Mid-Infrared Pumped Laser-Induced
Thermal Grating Spectroscopy
for Detection of Acetylene in the
Visible Spectral Range

Anna-Lena Sahlberg1, Johannes Kiefer2,3,4,
Marcus Aldén1, and Zhongshan Li1

Abstract

We present mid-infrared laser-induced thermal grating spectroscopy (IR-LITGS) using excitation radiation around

3 mm generated by a simple broadband optical parametric oscillator (OPO). Acetylene as a typical small hydrocar-

bon molecule is used as an example target species. A mid-infrared broadband OPO pumped by the fundamental out-

put of a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser was used to generate the pump beams, with pulse

energies of 6–10 mJ depending on the wavelength. The line width of the OPO idler beam was �5 cm�1, which is large

enough to cover up to six adjacent acetylene lines. The probe beam was the radiation of a 532 nm cw solid state laser with

190 mW output power. Signals were generated in atmospheric pressure gas flows of N2, air, CO2 and Ar with small

admixtures of C2H2. A detection limit of less than 300 ppm was found for a point measurement of C2H2 diluted in N2. As

expected, the oscillation frequency of the IR-LITGS signal was found to have a large dependency on the buffer gas, which

allows determination of the speed of sound. Moreover, the results reveal a very strong collisional energy exchange

between C2H2 and CO2 compared to the other gases. This manifests as significant local heating. In summary, the MIR-

LITGS technique enables spectroscopy of fundamental vibrational transitions in the infrared via detection in the visible

spectral range.
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Introduction

Laser-induced thermal grating spectroscopy (LITGS) is a

nonlinear optical method, which allows the analysis of

gases, liquids and solids. In a LITGS experiment, two

pulsed laser beams (often referred to as pump beams)

are overlapped coherently to create an interference pat-

tern in the intersection region. When the laser frequency is

tuned to a transition of a target species, the molecules

absorb photons and thermalization takes place subse-

quently. Since the intensity in the intersection region is

spatially modulated, regions of high intensity will end up

with higher temperature than low intensity regions. This

leads to a transient density modulation, and thus, a laser-

induced spatially periodic modulation of the refractive

index, that is, a laser-induced grating (LIG). For complete-

ness, we note that electrostriction is also taking place, but it

can usually be neglected in the case of strong absorption. A

third continuous-wave laser beam (often referred to as

probe beam) is aligned to cross the LIG at the Bragg

angle. The power of the diffracted probe laser radiation

represents the signal. Its detection with high temporal reso-

lution reflects the temporal evolution of the LIG and carries

information about the local composition and thermophysi-

cal properties of the medium.
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Originally, signals from LITGs were observed as an

undesirable interference to degenerate four-wave mixing

(DFWM) signals, especially at higher pressures.1,2

However, LITGS has been developed from an interfering

signal into a versatile laser technique, which can offer accur-

ate measurements of multiple parameters including species

concentration, temperature, speed of sound and viscosity

of a gas.3 Consequently, numerous applications were

reported over the past two decades. For example, LITGS

has been successfully employed to detect OH in the post-

flame region of a H2–O2 flat flame.4 A great advantage of

LITGS over other resonant four-wave mixing techniques is

an increase in the signal intensity at higher pressures.5

Hemmerling et al. have employed LITGS to detect H2O

in the second overtone OH stretch around 817 nm

using a near-infrared (near-IR) OPO laser.6 Roshani et al.7

employed LITGS to determine simultaneous fuel/air ratio

and gas temperature in a direct injected spray. Williams

et al.8 used LITGS to study the quenching effects of

oxygen on toluene. Kozlov et al. used LITGs to study

highly excited overtone and combination vibrational

states of CH4
9,10 and the simultaneous measurement of

flow velocity and temperature.11 Latzel and Dreier have

demonstrated sound velocity and heat conduction meas-

urements using near-IR laser radiation at 1064 nm and

1890 nm.12 In the long-wavelength IR spectral region,

LITGS measurements using CO2 lasers as pump lasers

have been used for detection of ethylene (C2H4),
13–15

methanol (CH3OH),13 ammonia (NH3).
15 Thermal LIGs

(LITGs) effects have also been observed in DFWM experi-

ments of C2H4 and sulfur hexafluoride (SF6) performed

with CO2 lasers.16

Mid-IR laser spectroscopy offers an opportunity to

probe molecules that have no easily accessible transitions

in the visible and UV region. Prominent examples include

methane (CH4), acetylene (C2H2), hydrogen cyanide

(HCN), hydrogen fluoride (HF), and hydrogen chloride

(HCl). Coherent laser techniques like DFWM and polariza-

tion spectroscopy (PS) offer an advantage over incoherent

techniques in the mid-IR region because of the ability to

efficiently discriminate against background mid-IR radiation,

which is always present, especially in hot combustion envir-

onments. Traditionally, coherent non-linear mid-IR spec-

troscopy was held back by the relatively low availability of

suitable laser sources and sensitive detectors in this spec-

tral region. Only in recent years, the development of non-

linear frequency mixing crystals have made it possible to

generate pulsed laser beams with relatively high laser

energy. However, even the best available detectors in the

mid-IR region, such as cryogenic InSb photodetectors, have

less sensitivity and higher noise levels compared to detec-

tors in the visible and near-IR region. One approach to

overcome this problem has recently been proposed by

Dam et al.17 They developed a new mid-IR detector that

uses upconversion of light to transform the mid-IR signals

to near-IR wavelengths, where much more efficient and

low-noise detectors exist. IR-DFWM signals have been suc-

cessfully detected with this upconversion detector, result-

ing in significantly improved detection limits.18

An alternative approach would be to generate the signal

itself in the visible or near-IR range. The LITGS technique

offers this opportunity as the pump laser can be tuned to

the molecular transitions in the mid-IR while the probe

laser wavelength can, in principle, be chosen arbitrarily. In

other words, IR-LITGS has the possibility for sensitive spe-

cies-selective detection of molecules in the mid-IR spectral

region with signal detection using the sensitive, low-

noise detectors widely available for visible wavelengths.

Moreover, as a pulsed four-wave mixing technique, IR-

LITGS provides high spatial and temporal resolution.

Its beneficial pressure dependence opens up the application

of mid-IR laser techniques in high-pressure environments.

In this paper, we demonstrate, for the first time to our

knowledge, the generation and detection of mid-IR laser-

induced thermal gratings (mid-IR-LITGs) in the gas phase

using pump laser wavelengths around 3 mm. Signals were

obtained utilizing absorption of acetylene molecules. For

this purpose, mid-IR-LITGs was applied to atmospheric

pressure gas flows of N2, Ar, air or CO2 with small admix-

tures of C2H2. The pulsed mid-IR pump laser radiation at

�3 mm is generated by a compact optical parametric oscil-

lator (OPO) pumped by the fundamental 1064 nm laser

beam from a Nd:YAG laser.

Theory

The theory of LIGs has been presented several times

before3,19–22 and the technique was recently reviewed by

Kiefer and Ewart.5 LIGs are usually generated in a geometry

similar to the forward phase matching geometry of DFWM.

Two laser beams with wavelength �pump are crossed at an

angle y, generating an interference fringe pattern with a

characteristic grating spacing � according to3

� ¼
�pump

2 sin y
2

� � ð1Þ

If the laser is resonant with a transition of a species in

the intersection region, the molecules will be excited along

the fringes of high laser intensity. Due to molecular colli-

sions, the excited molecules’ internal energy will be trans-

formed into thermal energy, creating a LITG with

alternately high and low temperature across the fringes of

the interference pattern. This LITG then decays exponen-

tially depending on the thermal diffusivity of the medium,

e.g., a gas or a liquid.

When the LITG is formed, the fast changes in tempera-

ture will rapidly create a density modulation, which even-

tually results in two acoustic waves propagating

perpendicular to the fringe plane in opposite directions;

2 Applied Spectroscopy 0(0)



consequently, the formation of a standing wave. This wave,

added to the stationary density modulation from the LITG,

will cause a modulation of the refractive index that oscil-

lates in time at the frequency fosc given by � and the speed

of sound ns as3

fosc ¼
ns
�

ð2Þ

The acoustic waves will decay exponentially due to vis-

cous damping effects. In addition, as time progresses, the

waves will travel across the intersection volume of the two

lasers in a direction perpendicular to the interference

plane. If the size of the crossing region is small enough,

the acoustic waves will travel out of the crossing region

during the lifetime of the LITG. Thus, the oscillations in

the LITG will also decay exponentially according to the

acoustic transit time ttr
21

decay / exp �2t2=t2tr
� �

, ttr ¼
w

ffiffiffi
2
p

ns cos y
2

� � �
w
ffiffiffi
2
p

ns
ð3Þ

where w is the beam radius at the crossing point.

The dynamics of the LIG can be studied by sending in a

probe laser incident on the grating at the Bragg angle yB,

given by

sin yBð Þ ¼
�probe
2 ��

ð4Þ

where �probe is the wavelength of the probe laser. Note,

that Eq. 4 is valid for first-order diffraction. The probe laser

is usually a continuous wave (cw) laser and its wavelength

can be chosen arbitrarily. The signal is formed by the probe

laser scattering off the LITG. The signal intensity scales

linearly with the probe laser power and quadratically with

the concentration of the absorbing species.19 The station-

ary temperature grating generates a fast rising signal, which

then decays exponentially. The contribution of the acoustic

wave is shown as an oscillation in the signal intensity

superimposed on the signal from the stationary part of

the LITG. The contrast of the oscillations is a measure of

the relative strength of the stationary and acoustic parts of

the LITG, and is defined as8

contrast ¼
Imax � Imin

Imax þ Imin
ð5Þ

where Imax is the signal intensity at the peak of the oscilla-

tion and Imin is the signal intensity at the following minimum.

For a contrast¼ 1, the gratings of the acoustic and tem-

perature signal amplitude are of equal intensity, corres-

ponding to instantaneous and complete relaxation of the

molecular internal energy.8 If the energy deposition into the

medium is slower, the acoustic part of the LITG is reduced

with respect to the stationary LITG. If the energy depos-

ition time is longer than the time that it takes for the acous-

tic wave to travel across one grating period �, the acoustic

wave amplitude (and the corresponding contribution to a

LITG) will be reduced.

Experiment

A schematic of the experimental setup is shown in Figure 1.

The pump laser used for the IR-LITGS experiments is the

idler beam from an IR OPO (GWU, versaScan-L 1064)

pumped by the 1064 nm fundamental beam from a

Nd:YAG laser (Spectra Physics, PRO 290-10) with

�310 mJ pulse energy and 8–10 ns pulse duration. The

OPO wavelength can be tuned from 3100 to 3350 cm�1

with 6–10 mJ output energy and �5 ns pulse duration.

The probe beam was the radiation of a cw solid state

laser with wavelength 532 nm and output power 190 mW

(Laserglow Technologies, LRS-0532-PFM-00300-01).

In order to ease the alignment of the mid-IR beams, the

OPO laser beam was spatially overlapped with the beam

from a HeNe-laser. A specially coated CaF2 plate23 was

used to split the mid-IR beam into two parallel pump

beams of equal intensity separated by 12.7 mm. A specially

designed 5.2 cm long sapphire rod was placed in the path of

Figure 1. Schematics of the experimental setup. M: aluminum mirror, DM: dichroic mirror, L: CaF2 lens, A: aperture, IF: interference

filter 532 nm, PMT: photomultiplier tube, BP: BOXCAR plate beam splitter, S: sapphire rod.

Kiefer et al. 3



one of the beams to compensate for the difference in path

length between the two pump beams. This is crucial

because of the bandwidth of the OPO radiation, which

was �5 cm�1 FWHM, corresponding to a coherence

length of �1 mm. It has been demonstrated by Kozlov

et al. that using broadband pump lasers requires a careful

alignment in order to ensure coherent superposition of the

beams.24 Stampanoni-Panariello et al.21 have also shown the

dependence of the coherence length and the beam path

difference on the signal, and found that the alignment is

especially crucial for broadband lasers. The non-Gaussian

shape of the pump beams and different divergence in hori-

zontal and vertical direction presented another challenge in

the alignment.

The pump beams were focused by a 2 in. CaF2 lens with

300 mm focal length, giving a crossing angle of 2.4� and

hence a grating spacing of 72.8 mm. The phase-matching

was obtained in a planar BOXCARS geometry. For this

purpose, the probe beam was aligned to cross the LIG at

an angle of 0.21�, which is the Bragg angle for this grating

spacing and the probe laser wavelength 532 nm. This meant

the signal beam was reflected at an angle 0.42� with respect

to the probe beam. The excitation volume, defined by the

overlap of the crossing pump lasers, had a dimension of

65� 2� 0.5 mm3. After the interaction region, an aperture

was used to separate the probe and signal beams and the

signal was directed to a photomultiplier tube (PMT). The

PMT was placed far enough away from the measurement

that the probe and signal beams were not overlapped at the

PMT. A 532 nm bandpass filter was used to minimize inter-

ference. The PMT was connected to a digital oscilloscope,

where the signal was recorded. In order to compensate for

shot-to-shot variations in the mode structure of the OPO

beam, 500 pulses were averaged for each measurement

condition.

The gas flow was supplied through a McKenna type

porous plug burner in order to ensure a homogeneous

mixture in the measurement volume. C2H2 was mixed

with a buffer gas flow of N2, Ar, air, or CO2. The concen-

tration of C2H2 in the buffer gas was controlled by regulat-

ing the relative flows using mass flow controllers.

Results and Discussion

LITGS Generation and Signal Characteristics

One set of IR-LITGS measurements was carried out with

the OPO tuned to a center wavenumber of 3256 cm�1. The

spectral profile of the broadband IR-OPO was measured by

dispersing a small part of the IR laser beam with a grating

(600 grooves/mm, blazed at 2.5mm) into an IR camera

(Santa Barbara Focal Plane, SBF LP134). Figure 2 shows

the spectral profile of the OPO IR output, averaged over

500 laser shots, together with the absorption spectrum of

acetylene. The OPO spectrum clearly reveals the mode

structure covering the range from 3252 to 3262 cm�1.

The profile is slightly asymmetric and exhibits a FWHM

of �5 cm�1. The OPO output overlaps with a number of

P-branch absorption lines of acetylene corresponding to the

0010000-0000000 and the 010(11)0-0000000 vibration bands.

Another series of IR-LITGS experiments was performed

with the OPO tuned to 3229 cm�1 as the center wavenum-

ber. Figure 3 shows the simulated absorption spectrum for

C2H2 and CO2 in the relevant interval used for the meas-

urements. While CO2 has absorption lines in both wave-

length intervals plotted in Figures 2 and 3, the absorption

cross section is very weak in both ranges (�4 orders of

magnitude weaker than the C2H2 lines, even comparing

Figure 2. The spectral profile of the OPO laser centered at

3256 cm�1, averaged over 500 laser pulses (blue), and the

absorption coefficient of C2H2 (green) for a concentration of

4500 ppm in nitrogen and of pure CO2 (red), at 296 K and 1 atm.

The data for the spectroscopic simulations were taken from the

HITRAN database.25

Figure 3. A simulation of the absorption coefficient between

3224 and 3234 cm�1 of C2H2 (blue), for a mole fraction of

4500 ppm in nitrogen, and of pure CO2 (red), at 296 K and 1 atm.

The data for the spectroscopic simulations were taken from the

HITRAN database.25
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pure CO2 with highly diluted C2H2, that is, a concentration

of 4500 ppm in an arbitrary buffer gas). These spectra indi-

cate that the CO2 absorption effects on the mid-IR-LITGS

signal from C2H2 diluted in CO2 can be neglected.

As an example, the IR-LITGS signal generated in

4169 ppm C2H2 diluted in N2 at OPO wavelength

3229 cm�1 is shown in Figure 4. The red curve shows the

temporal profile of the Nd:YAG pump beam, detected with

a photodiode, and the blue curve shows the IR-LITGS

signal. Note that the IR pump beams from the OPO will

arrive at the measurement volume delayed with respect to

the plotted Nd:YAG pulse. However, this delay is small (of

the order of 10 ns) compared to the timescale of microsec-

onds in the figure. Hence, the Nd:YAG pulse gives a good

impression of the sequence and timing of the signal gener-

ation and detection, illustrating the timescale of the colli-

sional thermalization process in the gas. There is no

noticeable contribution from a non-resonant electrostric-

tive LIG in the signal.

Initially, the signal rises and reaches its maximum after

four oscillation periods. The behavior at the rising wing is

determined by the grating spacing and the quenching time.8

The amplitude of the oscillations in the signal is damped with

time and disappears after �6 ms, which is approximately the

time it takes for an acoustic wave in N2 to leave a probe

volume exhibiting a width of 2 mm in the direction of the

sound propagation. Thus, the acoustic transit time is

responsible for the damping of the oscillations. A second

possible mechanism is sound attenuation by viscous damp-

ing, which can be characterized using the Stokes law of

sound attenuation. The exponential constant a is given by

a ¼
2 � Z � f 2

3 � r � n3s
ð6Þ

whereZ is the dynamic viscosity, f is the sound frequency, r is

the density and ns is the speed of sound. For nitrogen under

the given conditions and using the frequency determined

from the IR-LITGS signal, the exponential constant is in the

order of 5 m�1 (see Supplemental Material for details).

Hence, sound attenuation effects through viscous damping

can be neglected on the length scale of the measurement

volume in our experiment. The thermal diffusivity can also

have an effect on the damping of the acoustic waves, but this

too is negligible in our measurements.

It can be noted that the oscillations disappear after

�4 ms and appear again at �4.5ms. This phenomenon can

have two origins: (1) the presence of distinct regions within

the probe volume with different temperatures and/or dif-

ferent chemical composition, and (2) a geometrical effect in

terms of the generation of two slightly different grating

structures. The first reason can be ruled out as the gas in

the probe volume was supplied through the porous metal

plug of the McKenna burner, which ensured a homoge-

neous temperature and composition distribution. The

second reason is most likely because of the mode structure

and spatial profile of the broadband OPO radiation. The

focal spot of the IR radiation is relatively large. Hence, if

different gratings are formed at different locations in the

intersection region, the acoustic waves can reach

the probed volume at different times. This leads to the

observed ‘‘beat’’ in the oscillations.

The IR-LITGS signal in Figure 4 reaches its peak at

�1 ms, and the exponential decay time td of the stationary

part of the LITG (found by fitting a A � e�t=td curve to the

decaying part of the signal) is 3.4ms. The contrast of the

oscillations in Figure 4 is �0.23. This indicates that the

thermalized energy exchange in the medium is relatively

slow compared to the inter-fringe transit time of the acous-

tic wave, resulting in the stationary part of the LITG dom-

inating over the acoustic part.8

Concentration Dependence

In order to use IR-LITGS as a tool for quantitative meas-

urements, the effects of adding different amounts of acetyl-

ene to the flow on the signal need to be understood.

Figure 5 shows the IR-LITGS signals recorded in nitrogen

gas with different amounts of acetylene admixed. The signal

characteristics that are commonly exploited to extract

quantitative information about concentration include the

oscillation period of the acoustic contribution and the

ratio of electrostrictive and thermal contributions.26

However, here we are interested in detecting small

amounts of acetylene (<<1%) in a gas flow. Admixing a

small amount of acetylene to a buffer gas does not lead

to measureable change in the speed of sound and, conse-

quently, the oscillation period will remain constant within

the measurement uncertainty. Moreover, as discussed

above, the electrostrictive contribution to the signal is

too weak to be observed. As an alternative, we calibrate

the overall integrated signal intensity as a function of

Figure 4. IR-LITGS signal (blue) generated in 4169 ppm C2H2

diluted in N2 with the OPO wavelength centered at 3229 cm�1

and the temporal profile of the Nd:YAG pump laser beam (red).

Kiefer et al. 5



acetylene concentration. This is calculated by integrating

the area under the signal curve from the time of the exci-

tation pulse to the end of the measurement.

Figure 6 plots the integrated IR-LITGS signal as a func-

tion of acetylene concentration. Panel (a) shows the signal

recorded with the OPO tuned to the wavenumber

3256 cm�1. The squares represent experimental data

points showing a quadratic dependence on the concentra-

tion as expected.19 The error bars in the measurements are

determined by a leave-one-out cross-validation. Thus, they

do not only represent an estimation of how much the

measurements deviate from the quadratic dependence,

but also give an indication of the robustness of the calibra-

tion. The solid line is a best-fit quadratic function. The

acetylene detection limit is estimated to be around

400 ppm. Figure 6b shows the concentration dependence

of signals generated at wavelength 3229 cm�1. The signals at

this wavelength were found to be much stronger than at

3256 cm�1, even though the absorption lines of C2H2 are

weaker here. A possible reason is that the beam path dif-

ference between the two pump beams is less at this wave-

length; however, calculations indicate that the path

difference due to the difference in the refractive index of

the compensating sapphire rod at the two wavelengths is

�30 mm. This should not have a large effect on the signal

since the coherence length of the laser is �1 mm. The

overlap of the OPO modes and the C2H2 absorption

lines could also be different at the different wavelengths.

However, if this was the case, the signal should be strongly

dependent on small changes in the OPO wavelength.

Instead, the signal is more or less constant for small

(�5 cm�1) wavelength changes and increases slowly and

smoothly from 3256 cm�1 to 3229 cm�1. This suggests

that the OPO overlap with the C2H2 absorption lines is

not significantly wavelength dependent, and that the signal

increase is caused by something else. Different rovibra-

tional levels are excited at the different wavelengths,

which means that even though the absorption coefficient

is lower, the amount of thermalized energy and the ther-

malization rate could be different, causing a stronger signal

at 3229 cm�1. The contrast of the oscillations for the signal

at 3229 cm�1 is slightly larger (0.23) than the contrast at

3256 cm�1 (0.21). In principle, this can be interpreted in

terms of a larger instantaneous energy transfer at

3229 cm�1. However, the difference is fairly small and it

should be noted that the broadband LITG excitation is gen-

erally not suitable for studying energy transfer mechanisms

in detail as multiple lines are excited simultaneously. Hence,

a detailed study of the energy transfer mechanisms in vibra-

tionally excited C2H2 is beyond the scope of this work. The

detection limit at 3229 cm�1, estimated by extrapolation of

the quadratic fit to the concentration where the signal-to-

noise ratio would be 1, is less than 300 ppm.

One way of improving the detection limit is to use a

narrow-band or single-mode pump laser. Because the

absorption of the pump laser beams would be more

Figure 6. Concentration dependence of the IR-LITGS signal at

3256 cm�1 (a) and 3229 cm�1 (b). The error bars are estimated

from a leave-one-out cross-validation.

Figure 5. The IR-LITGS signals recorded with the OPO

wavelength centered at 3256 cm�1 in a N2 gas flow with different

amounts of C2H2 admixed. The temporal profile of the mid-IR

pump laser pulse represented by the Nd:YAG pump laser pulse is

shown at time zero as a timescale reference.
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efficient for a narrow-band pump laser, the signal would be

much stronger.

Dependence on Buffer Gas

The thermalization process of LITGS is dominated by col-

lisional effects and hence the buffer gas plays an important

role. Figure 7 shows the IR-LITGS signal, recorded at OPO

wavelength 3256 cm�1, generated for 4145 ppm C2H2

diluted in four different buffer gases: Ar, N2, air, and CO2.

The relevant thermophysical properties of these gases are

given in Table 1. The measured quantities from the corres-

ponding IR-LITGS signals are summarized in Table 2. The

signal recorded in CO2 shows significant differences com-

pared to the other buffer gases. This is also reflected by the

signal characteristics given in the table.

The IR-LITGS signal from C2H2 is more than two times

higher in the CO2 gas flow compared to the signals gener-

ated in the Ar, N2, or air flows. This is consistent with

earlier infrared polarization spectroscopy (IRPS) experi-

ments of the quenching rate of acetylene diluted in CO2

and in N2, where the quenching of the signal was found to

be much stronger in CO2 than in N2.
27 The decay times of

the Ar, N2, and air signals are quite similar, but the decay

time of the signal in CO2 is much longer. The exponential

decay represents the decay of the stationary temperature

grating, which is dependent on the thermal diffusion prop-

erties of the gas. As we can see in Table 1, the thermal

diffusivity is very similar for Ar, N2, and air but significantly

lower for CO2. Thus, it is reasonable to have a slower

decay in CO2 compared to the other buffer gases.

The signal in CO2 rises slower than the other signals. It

peaks at 1.4 ms compared to �1 ms in the other buffer

gases. Moreover, the contrast of the oscillations is much

lower in CO2 than in the other gases. The contrast is a

measure of the relative strength of the temperature and

acoustic gratings,8 showing that in CO2 especially, the sta-

tionary part of the LITG is dominant. The slower rise of the

signal in CO2 combined with the low contrast shows that

the rate of thermalization of the molecular internal energy

is slower in CO2 compared to the other gases. This indi-

cates that the heat release and internal energy transfer for

C2H2 diluted in CO2 happens by different mechanisms and

hence on different time scales than in the other buffer

gases.28 As mentioned before, a detailed study of the

energy transfer mechanisms between C2H2 and the differ-

ent buffer gases is beyond the scope of this paper.

The oscillations disappear much faster in CO2 compared to

Ar, air and N2; the weak oscillations reappearing between 4 and

6ms are not visible in the CO2 signal. This may be interpreted

as significantly stronger viscous damping in CO2. However, the

exponential coefficient � in CO2 is of the same order of mag-

nitude as for nitrogen. Hence, the disappearance of the acous-

tic contribution is likely to be a result of the strongly enhanced

and dominating stationary grating, which prevents the weak

oscillations at longer delay times to be observed.

The frequency of the oscillations in the signal is strongly

dependent on the buffer gas. The oscillation frequency can

be used to calculate the speed of sound in the different

gases. Table 3 shows the measured oscillation frequencies

(calculated using Fourier transform analysis of the signals)

and the corresponding calculated speed of sound in the gas

mixtures compared with reference values. The values for

Ar, N2, and air agree very well with the reference values,

Figure 7. IR-LITGS signals generated in 4145 ppm C2H2 diluted

in Ar, N2, air and CO2, respectively. The temporal profile of the

mid-IR pump laser pulse represented by the Nd:YAG pump laser

pulse is shown at time zero as a timescale reference.

Table 1. Physical constants for the different buffer gases at

standard conditions (296 K and 1 atm).29

Thermal

diffusivity/

mm2/s

Specific heat

capacity,

cp/kJ/kg K

Density/

kg/m3

Dynamic

viscosity/

mPa*s

Ar 20.3 0.522 1.65 22.4

N2 21.4 1.04 1.15 17.7

Air 21.3 1.005 1.20 19.8

CO2 10.7 0.849 1.82 14.8

Table 2. Different properties of the IR-LITGS signal created in

different buffer gas.

Buffer gas

Integrated

signal strength/

Arbitr. units

Exponential

decay time/ms

Contrast of

first oscillation

Ar 7.9 3.53 0.24

N2 7.2 3.40 0.21

Air 6.7 3.39 0.21

CO2 18 5.02 0.02
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while for CO2 the value is higher than expected. This dif-

ference could be caused by an increase in the temperature

in the probe volume due to the efficient heat release; how-

ever, the temperature corresponding to the measured

speed of sound in CO2 would be 347 K. Assuming a

probe volume of about 1 mm3 filled with CO2, the energy

required to heat it by 54 K is of the order of 50 mJ. This is

about 0.6% of the pump laser energy. Multiplication of the

OPO spectral profile and the C2H2 absorption spectrum in

Figure 2 indicates that this is a realistic value of the

absorbed laser energy. Therefore, it can be concluded

that the observed signal is a result of significant local heat-

ing. Nevertheless, it must be kept in mind that the same

energy is absorbed in the other buffer gases as the absorp-

tion process itself is independent of the molecular environ-

ment of acetylene. The results, however, indicate that the

collisional energy transfer from acetylene to the other

gases is much less efficient. The discrepancy may be

explained by different quenching mechanisms.

In Ar, N2, and air, the signal rises faster and decays faster

than in CO2. A possible reason would be that Ar, N2, and

air can effectively take up vibrational energy from acetylene

only when it is in the initially excited state, while CO2 is a

better quencher of lower lying levels that are reached at a

later stage in the collisional de-excitation process and that

possibly have longer life times. This explanation is slightly

speculative and requires further investigation in the future.

Opportunities, Uncertainties, and Possible Problems

The oscillation frequency can be used to measure the tem-

perature, if the gas composition is known, and vice versa.3 It

is clear that the oscillation frequency for the IR-LITGS signal

is strongly dependent on the speed of sound, which in turn,

for a specified gas mixture, depends on the temperature. In

combustion environments, there are always large quantities

of water vapor present, and H2O has strong absorption lines

in the mid-IR spectral region. This opens the possibility for

temperature measurements using IR-LITGS from absorption

of H2O. However, in this case a mean molecular weight of

the gas mixture needs to be fed into the calculation.

The largest error in the calculation of the speed of sound

originates from determination and accuracy of the crossing

angle between the beams.30 For example, for the calculations

here, a miscalculation of the crossing angle by 0.1� gives a

15 m/s error in the calculated speed of sound, which corres-

ponds to a relative error of �4.3%. Because of the difficulty

in precise alignment of the invisible mid-IR laser beams, there

is a relatively large uncertainty in the determination of the

crossing angle. Performing a reverse calculation of the cross-

ing angle using the reference values for the speed of sound of

N2, Ar, and air we obtain y¼ 2.418�. Thus, the most straight-

forward approach for determining the experimental param-

eters is to carry out a calibration measurement in a gas with

known temperature and gas composition.

Another factor, which can determine the accuracy of

temperature measurements with IR-LITGS, is the grating

spacing and the oscillation frequency, which are related as

fosc ¼
ns
�
¼

2ns sin y
2

� �

�pump
ð7Þ

It is clear that for the longer pump laser wavelengths in

IR-LITGS, the oscillation frequency is lower compared to

visible/UV wavelength LITGS signals created with the same

crossing angle, meaning fewer oscillations can be completed

before the acoustic waves leave the grating. The accuracy of

the measured oscillation frequency depends on the number

of oscillations in the signal. In these measurements, the

beam size in the direction of the acoustic wave propagation

was �2 mm. As an example, for a LITGS experiment

with the alignment used in this article, if the pump beams

are 0.4 mm wide, the oscillations would disappear after

�1 ms, meaning the LITGS signal would only contain

four oscillations at most. The choice of pump beam config-

uration in LITGS has been discussed in detail by

Hemmerling et al.,6 with respect to efficient diffraction of

the probe beam, the spatial resolution and a proper

number of interference fringes in the signal. For efficient

diffraction off the LITG, the requirement for Bragg diffrac-

tion must be fulfilled

2
ffiffiffi
2
p

�probe=�pump

� �
� w=�ð Þ4 1,

, w=�4
1

2
ffiffiffi
2
p

�probe=�pump

� � � 2 ð8Þ

For probe wavelength 532 nm and pump wavelength

3.1 mm, w needs to be at least two times larger than �.

Assuming w ¼ m ��, where m is an integer>2, gives the

following relations6

w2 ¼

ffiffiffi
2
p

m�pumpd

4
, ttr=Ta ¼

m
ffiffiffi
2
p , �2 ¼

ffiffiffi
2
p
�pumpd

4m

ð9Þ

Table 3. The oscillation frequency in different buffer gas and the

corresponding calculated speed of sound, compared with

reference measurements of the speed of sound.

Buffer

gas

Oscillation

frequency/

MHz

Speed of

sound/

(m/s)

Reference29

speed of

sound at

20 �C/(m/s)

Difference from

reference speed

of sound/(m/s)

Ar 4.4 320 319 1

N2 4.8 349 349 0

Air 4.7 342 343 �1

CO2 4.0 291 267 24
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In the equations above, d is the length of the measure-

ment volume. For a large number of oscillations in the

signal, the transit time ttr needs to be a few times larger

than the inter-fringe transit time Ta. Setting m¼ 10 gives ttr/

Ta& 7, which should be enough to provide a good reso-

lution of the oscillations. If the desired spatial resolution of

d¼ 10 mm for �pump¼ 3.1 mm, the pump beam geometry

should be: w& 0.33 mm, �& 33 mm, crossing angle

y& 5.4�, Ta& 96 ns, and ttr& 680 ns.

Conclusions

We have shown efficient generation of IR-LITGS signals in

room temperature, atmospheric pressure gas flows con-

taining C2H2 using pump radiation around 3 mm. The low

contrast of the oscillations in the IR-LITGS signal and the

slowly varying ‘‘hump’’ shows that the thermalization of the

absorbed laser energy is not instantaneous, but rather slow

compared to the oscillation period.21 The relatively large

grating spacing combined with the thermal diffusivity of the

gases contributes to the relatively slow signal decay. The

signal strength is found to be proportional to the square of

the C2H2 concentration, as expected from LITGS theory,19

indicating the possibility of IR-LITGS for quantitative con-

centration measurements of species with absorption lines

in the mid-IR spectral region. A detection limit of less than

300 ppm was estimated from experiments with systematic-

ally varied concentration. There is a lot of room to improve

the detection limit. The use of a probe laser with higher

output energy can increase the signal since the signal is

proportional to the probe laser intensity. Solid state cw

lasers, with output powers up to 4 W, are commercially

available at reasonable costs. Heterodyne detection of the

signal may be another option to enhance the signal

levels.31,32 Using a single mode IR laser as a pump laser is

expected to greatly enhance the signals as well, since it can

be tuned to a single strong absorption line and hence a large

fraction of the laser energy can be absorbed. Scanning the

wavelength of a narrowband IR laser across the CH stretch-

ing region of the spectrum will also enable multi-species

measurements and the analysis of more complex gas mix-

tures. The difference in line positions and signal intensities

of different spectroscopic lines for different molecules can

be measured and used, for example, for relative concentra-

tion measurements. High-resolution LITGS using a narrow-

band excitation laser also enables a more detailed study of

relaxation mechanisms for different species and/or different

spectral lines in one species.

The signals generated with CO2 as buffer gas were more

than twice as strong as the signals in Ar, N2, and air due to

more efficient quenching and thus more efficient collisional

energy transfer in CO2. The oscillation frequency of the

acoustic signal contribution is dependent on the speed of

sound of the gas mixture. For Ar, N2, and air the deter-

mined values of the speed of sound were in excellent

agreement with reference values from the literature. For

CO2 a large discrepancy was observed. The speed of sound

indicated an elevated temperature in CO2. This can be

explained by a large amount of energy released through

collisional quenching. However, further work is required

to unravel the phenomenon in detail.

There is a promising potential for mid-IR-LITGS tem-

perature measurements in combustion environments,

where the strong absorption lines of H2O in the mid-IR

spectral region can be used for resonant LITGS generation.

Careful alignment or a calibration measurement will be

necessary to reduce the uncertainty of the temperature

measurement due to the uncertainty of the crossing angle

of the pump beams, and due to the uncertainty resulting

from the complex composition of the gas mixture in a

reacting flow. Care must also be taken when selecting the

pump beam crossing angle, since a large number of oscilla-

tions is needed before the acoustic waves travel out of the

interaction region in order to get accurate and precise

temperature measurements.

In conclusion, the potential of IR-LITGS in the gas phase

using an IR OPO with wavelengths around 3 mm has been

successfully demonstrated. A key benefit of the technique is

that it enables spectroscopy and detection of IR-active mol-

ecules in the mid-IR spectral range with signal detection in

the visible spectrum. Hence, the strong absorption bands of

the fundamental vibrational modes combined with the sen-

sitive detectors in the visible spectrum can facilitate ultra-

high detection sensitivity of trace species in the future.

Moreover, it was demonstrated that mid-IR-LITGS is a suit-

able technique for studying molecular physics phenomena

in gases.
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Investigation of ro-vibrational spectra of small
hydrocarbons at elevated temperatures using
infrared degenerate four-wave mixing
Anna-Lena Sahlberg,* Jianfeng Zhou, Marcus Aldén and Zhongshan Li

The ro-vibrational spectra around 3μm of four small hydrocarbons (C2H2, CH4, C2H6 and C2H4) at 296, 550 and 820K have been
investigated using infrared degenerate four-wave mixing (IR-DFWM). The spectra were recorded in gas flows of nitrogen with
small admixtures of the hydrocarbons. A fused silica glass tube surrounded by an electric heating wire was used to heat the
gas flows. The recorded IR-DFWM spectra are compared with simulations using the spectral information available in the HITRAN
database, in order to identify spectral lines. The measurements demonstrate good signal to noise ratio and good sensitivity even
at elevated temperatures. Several weak hot lines were detected that are not included in the current database. This paper
demonstrates the potential of IR-DFWM for purposes of investigating spectral lines at elevated temperatures, which is often a
challenging task with conventional absorption spectroscopy techniques. The possibility of applying IR-DFWM for combustion
diagnostics of small hydrocarbons is discussed from the detection limits of the measurements and the potential water line
interference. Because of the non-linear nature of the DFWM technique, it provides much higher contrast for strong lines of small
molecules over backgrounds of high-density weak lines, which commonly exist in hot gas flows of thermochemical reactions.
Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Degenerate four-wavemixing (DFWM) is a nonlinear laser technique
that has been widely applied to detection of molecular species at
trace level concentrations in harsh environments like combustion.
DFWM is a coherent, zero-background technique, where the signal
is generated as a coherent laser beam that can be readily separated
from incoherent background. A theoretical model has been pre-
sented by Abrams and Lind[1,2] in 1978. DFWM is a sensitive, non-
intrusive measurement technique with high spatial and temporal
resolution. DFWM has been widely applied in the visible/UV spectral
regions for detection of atoms and molecules with accessible elec-
tronic transitions (e.g., the literature[3–6]).

Mid-infrared degenerate four-wave mixing (IR-DFWM) has
been less frequently applied, in part due to the relatively less
availability of high power lasers and sensitive detectors in this
spectral region. Many important species in combustion, for
example, CH4, C2H4, C2H6, HCN and HCl, lack accessible transi-
tions in the visible/ultraviolet region. IR-DFWM offers the poten-
tial to study these molecules in the mid-infrared spectral region
utilizing molecular ro-vibrational transitions. IR-DFWM has been
demonstrated in detection of, for example, CH4,

[7] HF[8] and
C2H2,

[9] and has been found to be a sensitive laser technique.
In recent years, the detectors in the mid-infrared region have
improved, making detection in the mid-IR more feasible. Sun
et al. developed a set of IR-BOXCAR plates for stable and easy
alignment of the forward phase-matching geometry in the
mid-IR.[10] A similar setup has been used for detection of CH3Cl
in hot gas flows.[11] Dam et al. recently introduced a low noise
upconversion detector for sensitive and low noise detection of

mid-infrared light,[12] and the detector was reported to greatly
enhance the sensitivity of the IR-DFWM technique.[13]

The detection of small hydrocarbons and other molecular
species in themid-infrared is important for combustion diagnostics.
Detection of C2H2 has been demonstrated using coherent anti-
Stokes Raman scattering (CARS).[14] Like DFWM, CARS is a four-wave
mixing technique but is limited to major species detection because
of the inherently weak Raman process. Sensitive detection of C2H2

has been demonstrated using electronic resonance enhanced
CARS (ERE-CARS) with the probe beam resonant with the A-X
electronic transition around 236nm to increase the signal.[15] How-
ever, ERE-CARS is limited to species that have accessible electronic
resonances. For species that lack these transitions, but have infrared
active absorption bands, IR-DFWM could be a very powerful
technique for species detection in flames.

In flames, because of the high temperatures, the structure of the
spectral lines is different from that of room-temperature spectra. In
addition to this, there is often severe interference from hot water
vapor, which has a large number of absorption lines in the mid-
infrared. Thus, it is important to have knowledge of line positions
and the relative line strength of thesemolecules at elevated temper-
atures, to facilitate identification of species from recorded spectra.
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Unfortunately, the information on line position and strength for
small hydrocarbons, like CH4, C2H2, C2H4 and C2H6 in the HITRAN
database,[16] is not always complete at elevated temperatures.
Recently, Alrefae et al[17] reported a measurement of mid-infrared

absorption cross section of CH4, C2H2, C2H4 and CH3OH at tempera-
tures up to 1120K using a Fourier-transform infrared (FTIR) spectrom-
eter. FTIR is a very useful device for measuring infrared absorption
cross sections over a wide range of wavelengths. The main hardship
in using a line-of-sight technique like FTIR at higher temperatures is
the difficulty of creating a sample with homogeneous temperature
along the whole measurement path. Temperature variations along
the measurement path can introduce distortions in the spectral
features. IR-DFWM, as a technique with high spatial resolution, is
ideal for high temperature measurements because the gas tempera-
ture only needs to be homogeneous in a small detection volume. So
the IR-DFWM technique can be useful as a complement to FTIR for
detection of line positions and relative intensities of hot lines crucial
for spectroscopic data simulations. Also, the nonlinear nature of the
DFWM technique provides much higher contrast for strong lines of
small molecules over backgrounds of high density weak lines, which
commonly exist in combustion environments.
In this work, sensitive detection of C2H2, CH4, C2H4 and C2H6

using IR-DFWM at trace level concentrations at 296, 550 and
820K is demonstrated by probing the ro-vibrational transitions
around 3μm. The gas flows of hydrocarbon and nitrogen were
flushed through an open-ended fused silica glass tube surrounded
by electric heatingwire. The detection limit for each species was de-
termined at 296, 550 and 820K for each molecular species and the

spectra are compared with simulations using the HITRAN database.
For combustion applications, the interference from water vapor is
discussed from measurements of the H2O spectrum at 820 K and
from simulations using the HITEMP database.[18] This work shows
the potential of IR-DFWM both for spectroscopic studies of molec-
ular species at higher temperatures and for applications to detect
hydrocarbon fuels and intermediate species in combustion
situations.

Experimental setup

A schematic of the IR-DFWM setup used in the experiments is shown
in Fig. 1. The mid-infrared laser system has been described
previously,[19] and only a brief description is given here for complete-
ness. The second harmonic of an injection seeded Nd:YAG laser
(Spectra Physics, PRO 290-10) was used to pump a dye laser (Sirah,
PRSC-D-18), generating tunable laser light around 790nm. The dye
laser light was then frequency mixed in a LiNBO3 crystal with part
of the residual 1064nm output from the Nd:YAG laser. This light
was further amplified in another LiNBO3 crystal, to provide mid-
infrared laser light tunable from 2900 to around 3400 cm�1 with
pulse energies around 4–5mJ and a pulse duration of 3–4ns. A tele-
scope was used to shrink the beam size down to approximately
2mm. The reflection from a CaF2 windowwas sent to a power meter
to monitor the laser energy during the scan.

The IR laser beam was overlapped with a He-Ne laser beam to
facilitate the optical alignment. The laser beam was then split into
four beams using the specially designed IR-BOXCAR plates. A
detailed description of the BOXCAR plates can be found in the work
of Sun et al.[10] Three of the beams were crossed in the middle of
the heating gas tube using an f=500mm CaF2 lens. The fourth
beam was used to trace the signal beam to the detector, because
this beam follows the signal beam path. The signal beam was
collimated by another f=500mm CaF2 lens and then detected by
a liquid nitrogen cooled InSb detector (Judson technologies,
J10D-M204-R04M-60). Part of the residual dye laser beam after
the frequency mixing was directed to a wavemeter (HighFinesse,
WS/6 High Precision – UV), to monitor the laser wavelength during
the scan. The wavemeter has an accuracy of 600MHz. For these
experiments, a wavelength accuracy of ±0.1 cm�1 was estimated,
because of the uncertainty of the process for synching the laser
scan with the wavemeter.

The sample of hydrocarbon gas (C2H2, CH4, C2H6 or C2H4) mixed
with N2 was prepared as a continuous flow through an open

Figure 1. Schematic of the experimental setup.M: goldmirror, T: telescope,
W: CaF2 window, PM: power meter, DM: dichroic mirror, BP: BOXCAR plates,
L: CaF2 lens, HT: heating tube, D: InSb detector, O: oscilloscope

Figure 2. Infrared degenerate four-wave mixing (IR-DFWM) spectrum of 1110 ppm C2H2 diluted in N2 at 820 K. The intensity of the simulated spectrum was
normalized to the best fit to the measurements.
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T-shaped gas tube surrounded by electric heating wire and insula-
tion, see Fig. 1. The gas flows were controlled by Bronkhorst mass
flow controllers, and the concentration of the hydrocarbon species
was controlled by adjusting the relative flows of the gases through
the gas tube. The total flow of the gases through the tube was
around 4.5 l/min, giving a flow speed at room temperature of
25 cm/s. The utilization of fused silica glass as the inside wall of
the electronic heater is to avoid catalyst effects. The pyrolysis and
thermal decomposition of the hydrocarbons in the gas flow was
assumed to be negligible for the temperatures and flow speeds
used in these experiments.[17,20–22]

The interaction volume of the IR-DFWM beams was estimated to
be ~0.6×0.6×15mm3. A thermocouple was inserted through the
top of the gas tube to measure the temperature of the gas ~1mm
beside the measurement point of the laser beams. The temperature
in the interaction region was assumed to be uniform and as what
the thermocouple measured.

Spectroscopy of the selected hydrocarbons

Most hydrocarbons species exhibit an infrared ro-vibrational spec-
trum around 3μm from the C-H stretching vibration. The spectrum
varies for different hydrocarbons depending on molecular weight,
structure and symmetry. The HITRAN database[16] contains line-list
information about all four species studied here. The two strongest
bands for C2H2 in this spectral region are the v3 band and the v2
+ (v4 + v5)

0 band, centered around 3300 cm�1, both bands exhibiting
a PR-structure. For CH4, the strongest transitions are from the asym-
metric stretching vibration mode v3 around 3000 cm-1, with each

rotational line split into a tetrahedral symmetry fine structure. The
strongest C2H4 transitions in this spectral region originate from the
v9 band centered around 3105 cm�1 and the v11 band centered
around 2988 cm�1. The ro-vibrational spectrum of the v9 and v11
bands is complicated and contains many P, R and Q branch lines.

For C2H6, the strongest lines in this spectral region originate from
the RQK lines from the v7 band, but the spectrum also contains
weaker P and R branch lines from the v7 band and lines from the
v1 and v10 bands.

[17] The HITRAN line list of vibrational transitions
for C2H6 is not complete in this spectral region, containing only
information for the strongest RQK branch lines of the v7 band.
High-resolution absorption cross sections of C2H6 in this spectral
region have been measured by Harrison et al.[23] using an FTIR
spectrometer, showing the system of weaker lines around the
strong RQK branch lines from the v7 band, and the cross sections
are available in the HITRAN database.[16] This data is highly useful
for performing spectroscopic measurements of C2H6 in this spectral
region. Comparisons with these measurements can be used to
validate other spectroscopic data, even in the cases where the used
measurement techniques are different from FTIR.

Measurement and results

Degenerate four-wave mixing theory

A theoretical model for simulating the DFWM signal was presented
by Abrams and Lind[1,2] in 1978. Their approach treated the case of
a monochromatic laser field interacting with an optically thin
medium of stationary two-level atoms. The laser beams were

Figure 3. Infrared degenerate four-wavemixing (IR-DFWM) spectrumof 1110 ppmC2H2 diluted in N2 at 820 K in the interval 3320–3335 cm
�1. Selected lines

from the v3 + v4
1�v4

1, v2 + (2v4 + v5)
1�v4

1 and v3 + v5
1�v5

1 hot bands are identified in the figure. The intensity of the simulated spectrum was normalized to
the best fit to the measurements.

Figure 4. Infrared degenerate four-wave mixing (IR-DFWM) spectrum of 700 ppm CH4 diluted in N2 at 820 K. The intensity of the simulated spectrum was
normalized to the best fit to the measurements.

Investigation of ro-vibrational spectra
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arranged in the phase conjugate geometry, and the probe laser
field was assumed to be weak, while the pump beam fields
intensity was arbitrary. Solving the wave equations gave the
line-integrated DFWM signal by the following equations for
non-saturating and saturating pump beams, respectively[24]

IDFWM∝
μ8N2k2T21T

3
2

1þ 4I pump=Isat
� � I2pump Iprobe; Ipump≪ I sat (1)

IDFWM∝μ3N2k2T�1=21 T1=22 I�1=2pump Iprobe; Ipump ≥ I sat (2)

where μ is the transition dipole moment of the transition, N is the
number density, k is the Boltzmann constant, T1 is the longitudinal
relaxation time of the transition, T2 is the transverse relaxation
time, Ipump is the pump laser intensity, Iprobe is the probe intensity
and Isat is the saturation intensity of the transition.
In practice, it is preferable to perform degenerate four-wave

mixing with saturating intensities in both the pump and the probe
beams. This case is more complicated than the case treated by
Abrams and Lind. Generally, finding an analytical expression for the
DFWMsignal that satisfies all experimental conditions is very difficult.
Direct-numerical integration is computationally expensive but can
be successfully used for DFWM mixing simulations under most con-
ditions (e.g., the literature[25–28]). An analytical model for arbitrary
pump and probe intensities, more complicated than the Abrams
and Lind model, has been developed and applied successfully in

the case of optically thinmedia and two-level atoms[29] and has been
shown to successfully simulate saturation effects in DFWM signals.[30]

The IR-DFWM signal intensity dependence on the transition
dipole moment μ of a transition for different degree of saturation
has been investigated experimentally by Farrow and Rakestraw.[3]

It was found that the signal dependence ranged from μ4 for saturat-
ing pump beams to μ11 for unsaturating beams. This is slightly
different from the theoretically predicted dependence of μ3 and
μ8 for saturating and unsaturating beams, respectively. It was
believed that the exponent would approach 3 in the limit of strong
saturation.

Simulation of the DFWM signal is evenmore complexwhen deal-
ingwith closely spaced transitions. Signals fromdifferent transitions
can interact coherently, and thus, the resulting signal will be differ-
ent from the sum of the signals. Studies show that the signals of
closely spaced transitions are strongly dependent on the degree
of saturation of the beams.[27,30] It has also been shown in a previ-
ous study[11] that the IR-DFWM signals for many closely spaced
transitions present, for example, in Q branch lines, are much
enhanced compared with the IR-DFWM signal from isolated
transitions. The ro-vibrational spectra of hydrocarbons in the mid-
infrared usually contain a large number of lines, increasing in com-
plexity with larger molecules. Extensive theoretical and numerical
simulations would be needed to fully simulate the IR-DFWM spectra
of these molecules, which is outside the scope of this article. In this
article, the IR-DFWM spectra were instead simulated using data

Figure 5. The Infrared degenerate four-wavemixing (IR-DFWM) spectrum of 2100 ppm CH4 diluted in N2 at 820 K. The y-axis of the graph has been adjusted
in order to highlight the weaker appearing hot lines. Selected hot lines present in the simulation are identified in the figure. Above 3160 cm�1, there are hot
lines in the spectrum (numbered 1–8) that are not present in the simulation. The linemarked ‘a’ at 3181.06 cm–1 matches a H2O hot line, so it could arise from
water vapor diffusing into the heating tube from the ambient air. The intensity of the simulated spectrumwas normalized to the best fit to themeasurements.

Figure 6. Infrared degenerate four-wavemixing (IR-DFWM) spectra of 1.3% C2H4 diluted in N2 at 820 K. A neutral density filter was used to dampen the signal
intensity by a factor of 5 in order to avoid saturation of the detector. The intensity of the simulated spectrum was normalized to the best fit to the
measurements.
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from the HITRAN database and an empirical formula,[11,19] where
the IR-DFWM signal is simulated by

IDFWM∝N2σ νð Þ2 (3)

σ(ν) is the absorption cross section for wavenumber ν, which is cal-
culated as

σ νð Þ ¼ ∑
i
Sig νð Þ (4)

where Si ∝ μ2 is the line intensity for transition i given in the HITRAN
database and g(ν) is the line shape of the transitions. In the IR-DFWM
simulation in this paper, an S2 ∝ μ4 dependence of the signal was
assumed in accord with Farrow and Rakestraw.[3] This dipole
moment dependence has previously been shown as a good repre-
sentation of the IR-DFWM signal for similar laser intensities.[11] An
empirical Voigt profile was used in the simulations with parameters
chosen to match the observed experimental line shapes. This has
been shown previously to be a good estimation of the IR-DFWM
signal line shape.[10] The effect of collisional quenching and relaxa-
tion times for different transitions in the spectra has not been taken
into account in the simulations. The intensities of the simulated
signals have been adjusted for the best overall match with the
experimental intensity.

Discrepancies between the simulations and our observed exper-
imental spectra can be explained by several reasons. Firstly, the
multi-mode nature of the laser pulses has been known to give an
unstable shot-to-shot signal intensity, which can account for un-
even line shapes and deviations in the peak signal intensity. This
problem could be solved by application of a single-mode laser.[31]

Secondly, the simple empirical model used in our simulationsmight

not be completely accurate in the simulation of the complex ro-
vibrational spectra. Finally, for some of the molecules studied, the
data available in the HITRAN database is not complete, and the lack
of information from some transitions makes it impossible to do a
perfect simulation of the spectra.

C2H2

The IR-DFWM excitation scan recorded at 820 K in a gas flow con-
taining 1100ppm C2H2 is shown in Fig. 2 (blue) compared with
the simulated IR-DFWM signal (red). Line identification of P and R
branch lines belonging to the v3 and v2 + (v4 + v5)

0 bands are shown
in the figure. The simulation and measurement agree reasonably
well. Some detail discrepancies in line intensity between the mea-
surement and the simulation are probably due to the multi-mode
property of the excitation laser, which causes unstable signal inten-
sity because of shot-to-shot variations in the mode structure of the
laser pulse. The measured and simulated IR-DFWM spectra at 296
and 550K are shown in Supplementary information, Figure S1. Text
files containing the raw data for the measured spectra are also
included in Supplementary information.

Figure 3 shows the C2H2 IR-DFWM spectrum at 820K in the inter-
val 3320–3335 cm�1. In addition to the strong lines from the funda-
mental bands, there are several transitions from hot bands that
start to gain intensity with the higher temperature. Selected lines
from the v3 + v4

1�v4
1, v3 + v5

1�v5
1 and v2 + (2v4 + v5)

1�v4
1 bands are

identified in the figure. Comparing the measurement and the
simulation shows that the information of C2H2 hot bands in HITRAN
in this spectral region is quite complete at this temperature. As a
linear molecule, the C2H2 spectrum is relatively uncomplicated. It

Figure 7. Infrared degenerate four-wavemixing (IR-DFWM) spectrumof 3.8% C2H4 diluted in N2 at 820 K in the interval 3200–3280 cm
�1. The intensity of the

simulated spectrum was normalized to the best fit to the measurements.

Figure 8. Infrared degenerate four-wave mixing (IR-DFWM) spectra of 2020 ppm C2H6 diluted in N2 at 820 K. The intensity of the simulated spectrum was
normalized to the best fit to the measurements.

Investigation of ro-vibrational spectra
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is clear that the empirical model for DFWM simulation used here
works very well for simulations of the C2H2 spectrum.

CH4

The IR-DFWM excitation scan recorded at 820K in a gas flow
containing 700ppm CH4 is shown in Fig. 4 (blue) compared with
the simulated IR-DFWM signal (red). Line identification of selected
R branch lines belonging to the v3 band is included in themeasure-
ment. The measured and simulated IR-DFWM spectra at 269 and
550K are shown in Supplementary information Figure S2. Text files
containing the raw data for the measured spectra are also included
in Supplementary information. Reasonably good agreement be-
tween the line intensity of the measurement and simulation is
achieved at all temperatures.
Figure 5 shows the CH4 IR-DFWM spectrum at 820 K in the inter-

val 3130–3200 cm�1. This spectrum was recorded at a higher CH4

concentration in order to highlight the weaker hot lines. This also
means that the stronger R branch lines from the v3 band were sat-
urating the detector in the experiment, and thus, the relative inten-
sity of these recorded lines is not a correct indication of the actual
signal intensities. The y-axis in Fig. 5 has been adjusted to better
show the weaker hot lines, and thus, the peak intensities of the
stronger R branch lines are extended outside of the graph axes.
Most of the shown hot lines are identified by comparison with
the HITRAN database as R branch lines from the v2 + v3�v2 and
the v3 + v4�v4 hot bands. Above 3160 cm

�1, there are several weak
emerging hot lines (numbered 1–8 in the figure) that are not

accounted for in the HITRAN database. The position and relative in-
tensity suggests these lines are also R branch lines from the v2 + v3–v2
and the v3 + v4�v4 hot bands with higher J-values. The line
marked ‘a’ at 3181.06 cm�1 matches a H2O hot line, so it could arise
from water vapor diffusing into the heating tube from the ambient
air. CH4 can be found as a major species in some combustion situ-
ations (for example, as a part in certain fuels), and in these cases,
CH4 detection could be facilitated in the weak hot lines to avoid
strong absorption interfering with the signal generation. Also, many
hydrocarbons have absorption lines in this wavelength region, and
sometimes the infrared spectrum in combustion situations is very
complicated. Detailed knowledge of the line position and intensity
of both weak and strong lines in the CH4 spectrum can help to
discriminate CH4 lines against lines from other hydrocarbons.

C2H4

The IR-DFWM excitation scan recorded at 820 K in a gas flow con-
taining 1.3% C2H4 is shown in Fig. 6 (blue) compared with the sim-
ulated IR-DFWM signal (red). The figure contains line notations for
several PQK and

RQK lines of the v9 band and the QQ line of the v11
band. The measured and simulated IR-DFWM spectra at 269 and
550K are shown in Supplementary information Figure S3, and text
files containing the raw data for the measured spectra are also in-
cluded in Supplementary information.

Comparing the measurement and the simulation, it is clear that
while the overall shape of the measurement agrees with the simu-
lation, clear discrepancies exist in the relative intensity of the PQK

Figure 9. Comparison between themeasured infrared degenerate four-wavemixing spectrum of 225 ppm C2H6 diluted in N2 at 296 K (blue) and the square
of the absorption cross section of C2H6 at 296 K (red) in the interval 3001–3040 cm�1. The intensity of the absorption cross section squared has been adjusted
to match the measurement.

Figure 10. Infrared degenerate four-wave mixing (IR-DFWM) spectra for C2H6 diluted in N2 at 296 (blue), 550 (red) and 820 K (green). The curves have been
offset in the plot to facilitate comparison of the spectral structures, and the intensities of the spectra have been normalized to the 820 K spectrum peak
intensity. The concentration of C2H6 in the flows was 225 ppm, 900 ppm and 1.07% for the 296, 550 and 820 K measurements, respectively.
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and RQK lines of the v9 band compared with the QQ line of the v11
band to the simulation. At room temperature, the intensity of most
PQK and

RQK lines of the v9 band is higher in the measurement than
the simulation predicts. At higher temperatures, the line strength of
the measured QQ line of the v11 band at 2988 cm�1 decreases rap-
idly, although the line strength of the simulation is still strong. One
cause for this could be the spread of transition intensity to
higher J-values. Most probably, the simple empirical formula used
for simulations in this article is not good enough to correctly predict
the IR-DFWM signal for the complicated C2H4 spectrum. The IR-
DFWM signals for lines containing many closely spaced transitions,
for example, the PQ6 line in Fig. 6, have much higher intensity than
the signals from single lines.[11] This enables measurements with
more sensitive detection limits even for relatively weak line
strength for individual lines and also the possibility of better dis-
crimination against interfering lines due to the high contrast to
the background of weak lines in the spectrum.

At higher temperatures, the intensity of the lines in the wings of
the spectrum increases.[17] Figure 7 shows the IR-DFWM signal of
C2H4 in the interval 3200–3280 cm-1. This spectrum was recorded
with a higher C2H4 concentration to highlight the weaker lines in
the wings of the spectrum. The HITRAN database for C2H4 in this
spectral region contains no lines for higher wavenumbers than
3242.3 cm�1. The spectrum in Fig. 7 shows a number of lines with
significant line strength in the interval 3242.3–3280 cm�1, indicated
with numbers 1–21 in the figure.

C2H6

The IR-DFWM excitation scan recorded at 820K in a gas flow con-
taining 2020ppm C2H6 is shown in Fig. 8 (blue) compared with
the simulated IR-DFWM signal (red). The strong RQK branch lines
from the v7 band are identified by comparison with the HITRAN
data. The measured and simulated IR-DFWM spectra at 269 and
550K are shown in Supplementary information Figure S4, and text
files containing the raw data for the measured spectra are also in-
cluded in Supplementary information.

As previously mentioned, the HITRAN database lacks spectro-
scopic information for the weaker C2H6 absorption lines in this
region. The IR-DFWM measurement, on the other hand, shows
several of these weaker lines in the spectrum. Shown in Fig. 9 is

the measured IR-DFWM spectrum at 296 K in the interval 3001–
3040 cm�1 (blue) comparedwith the square of the absorption cross
section (red) from Harrison et al.[16,23] In this interval, the square of
the absorption cross section seems to be a good approximation
of the relative IR-DFWM signal. Fig. 10 shows the IR-DFWM spec-
trum in the same interval at 296 (blue), 550 (red) and 820K (green).
The intensities of the scans in this figure have been normalized to
the peak intensity of the 820K measurement. While the same spec-
tral structures are visible at all temperatures, the relative intensity of
the lines at higher wavenumber increases with temperature. The
number of lines in the spectrum also increases at higher tempera-
tures, making it harder to distinguish between individual lines.

Detection limits

The concentration dependence of the IR-DFWM signal was mea-
sured for each species at 296, 550 and 820 K. Figure 11 shows
the line-integrated IR-DFWM signal of the P(13) line of the v2
+ (v4 + v5)

0 band of C2H2 as a function of C2H2 concentration
at 296 K. Each point is an average of five scans, and the standard
deviation of the five measurements is presented by the error
bars. It can be seen that the IR-DFWM signal is proportional to
the square of number density of the species as expected. Simi-
lar measurements were performed for CH4, C2H4 and C2H6 at
296, 550 and 820 K, and the detection limit was estimated for
each measurement by extrapolating the curve down to a con-
centration where the estimated signal to noise ratio is 1. Table 1
summarizes the detection limits of C2H2, CH4, C2H4 and C2H6 at
296, 550 and 820 K. For each species, at each temperature, the
line with highest intensity in the spectrum was chosen for the
detection limit measurement. The spectral information for the
lines used for estimation of the detection limit is shown in
Table 2. For C2H2 at 550 and 820 K, the strongest line was the
combination of the R(17) line of the v3 band and the R(23) line
of the v2 + (v4 + v5)

0 band, which occur at almost exactly the
same wavelength.

Water interference and combustion diagnostics applications

Infrared degenerate four-wave mixing has good potential for sensi-
tive, spatially resolved, non-intrusive measurements of hydrocar-
bon fuels and intermediate species in combustion situations. For
combustion applications in the mid-infrared spectral region, the in-
terference from water lines needs to be taken into consideration.
Figure 12 shows a recorded IR-DFWMexcitation scan of H2O diluted
in N2. The H2O vapor was generated by sending the N2 gas flow
through a water bubbler, which was placed in a water bath kept
at 70 °C to provide a water vapor pressure of 31 kPa, giving a con-
centration of H2O in the N2 flow of approximately 30%. The gas flow
was then sent through the heating tube and heated to 820 K.

The IR-DFWM excitation scan of H2O at 820 K is compared with a
simulated IR-DFWM scan using data extracted from the HITEMP

Table 1. Estimated detection limits of C2H2, CH4, C2H4, and C2H6 at 296,
550, and 820 K

Detection limit/molecules/cm3 (ppm)

Temperature (K) C2H2 CH4 C2H4 C2H6

296 3.0�1014 (12) 1.2�1014 (5) 20�1014 (79) 2.0�1014 (8)
550 3.1�1014 (23) 1.7�1014 (13) 17�1014 (131) 3.7�1014 (28)
820 6.1�1014 (68) 3.5�1014 (39) 35�1014 (392) 12�1014 (139)

Figure 11. The concentration dependence of the line-integrated infrared
degenerate four-wave mixing (IR-DFWM) signal intensity for C2H2 diluted
in N2 at 296 K
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Figure 12. Infrared degenerate four-wave mixing (IR-DFWM) excitation scan of H2O diluted in N2 at 820 K (blue), compared with a simulated IR-DFWM
spectrum of H2O at 820 K using data from the HITEMP database (red) and a simulation of the absorption spectrum of H2O at 296 K for a concentration of
1% and a path length of 5m (green). The IR-DFWM excitation scan has been normalized to the peak intensity and the intensity of the simulated IR-DFWM
spectrum has been adjusted to best fit the measurement.

Figure 13. A comparison between the measured Infrared degenerate four-wave mixing (IR-DFWM) spectra (blue) for (a) C2H2, (b) CH4, (c) C2H6 and (d) C2H4

(red) and the simulated H2O IR-DFWM spectrum at 820 K. The intensities of the simulations have been adjusted to match the signal strength in the
measurement.

Table 2. Line used for detection limit measurements for the different species and temperatures

296 K 550 K 820 K

Vibration mode Rotation line Vibration mode Rotation line Vibration mode Rotation line

C2H2 v2 + (v4 + v5)
0 P(13) v3 R(17) v3 R(17)

3250.66 cm�1 3335.55 cm�1 3335.55 cm�1

v2 + (v4 + v5)
0 R(23) v2 + (v4 + v5)

0

3335.56 cm�1 R(23)

3335.56 cm�1

CH4 v3 R(3) v3 R(9) v3 R(9)

3057.72 cm�1 3113.33 cm�1 3113.33 cm�1

C2H6 v7
RQ0 v7

RQ0 v7
RQ0

2986.71 cm�1 2986.71 cm�1 2986.71 cm�1

C2H4 v9
PQ6 v9

PQ6 v9
PQ6

3060.78 cm�1 3060.78 cm�1 3060.78 cm�1

wileyonlinelibrary.com/journal/jrs Copyright © 2016 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2016)



database. Comparing the simulated and recorded spectra, it is clear
that a lot of lines from the simulation are missing in the
measurement. This has been observed previously with a
similar setup for measurement of hot H2O spectral lines.[11]

It was found that absorption of the laser energy by cold water
in the ambient laboratory air was responsible for this lack of
signals. In the upper part of Fig. 12 is a simulated absorption
spectrum of H2O in the air for a concentration of 1% and a
path length of 5m using HITRAN database. As can be seen,
a large part of the laser energy is absorbed at certain lines,
which causes the signal to disappear at these wavelengths.
Thus, only the hot H2O lines, which has negligible absorption
at 296 K, show up in the 820 K spectrum. These line-missing
phenomena might also exist for hydrocarbon spectra. The line
positions of these hot lines seem well matched with the
HITEMP database, although discrepancies exist in the relative
line intensities. As mentioned before, the H2O spectrum is
complicated, and the empirical model used for simulations
may not be accurate for complex spectra.

Despite the obvious differences between the measured and
simulated H2O spectrum in Fig. 12, the HITEMP simulation seems
reasonably reliable for the position and approximate intensity of
hot H2O lines in this spectral range. Figure 13 shows the measured
CH4, C2H2, C2H4 and C2H6 spectra at 820 K compared with a simula-
tion of the H2O spectrum from the HITEMP database at 820 K. The
line intensities of the simulation have been adjusted to the scale
of the measurement in each figure. According to these simulations,
while water interference is always present in this spectral region, it
is fairly easy to find a strong spectral line for these species that is iso-
lated from water interference. The source data file for the spectra
shown in Fig. 12 are included in the supplements.

In addition to water interference, interference from other hydro-
carbon species has to be considered. Most combustion environ-
ments contain a large number of unburned fuel and intermediate
hydrocarbons, most of which have absorption lines in the wave-
length region studied here. Because of this, mid-infrared spectra
recorded in combustion environments are generally complicated.
A reliable high-temperature database for hydrocarbon molecules
is crucial to be able to identify spectral lines belonging to certain
species. As can be seen in the recorded spectra, the small hydrocar-
bons studied here have sharp spectral features, and the high reso-
lution of the IR-DFWM technique makes it an excellent tool for
separating line features and identifying molecular species in com-
bustion environments.

Conclusions

It has been shown that IR-DFWM has a strong potential for in situ
detection of hydrocarbon molecules and investigations of spectral
lines at elevated temperatures. IR-DFWM has the advantage over
FTIR in that the temperature of the investigated gas sample only
needs to be homogeneous in a small volume, thus eliminating
the problem of creating a gas sample with homogeneous temper-
ature along the line of the measurement. Thus, IR-DFWM can be a
useful complement to absorption based techniques for spectro-
scopic measurements at high temperatures. The high sensitivity
provides the potential of measurements of hot lines that are too
weak to be detected by other techniques.

For applications in combustion diagnostics, the detection limit of
the species as a function of temperature shows a good sensitivity
even at elevated temperatures. Detailed knowledge of the spectral

line positions and intensities at elevated temperatures is a valuable
tool for spectral line identification in flame spectra. The experimen-
tally measured spectral data of the selected small hydrocarbons,
prepared in Supplementary information, will serve this purpose.
Measurements and simulations of the H2O spectrum at elevated
temperatures show that the interference from water lines is not a
big problem for these species. Besides, the nonlinear nature of
IR-DFWM provides much higher contrast for strong lines of small
molecules over backgrounds of high density weak lines, which
commonly exist in hot gas flows of thermochemical reactions.
The IR-DFWM signal will also be much enhanced for line groups
of several closely spaced transitions, that is, certain Q branch lines,
which is evident in the presented C2H4 and C2H6 spectra. This
provides the possibility for more sensitive detection of species with
spectra containing such features. The technique could be ex-
panded for single shot species detection of hydrocarbons in flames
using broadband lasers to excite many absorption lines simulta-
neously. However, to the best of our knowledge, there is limited
availability of suitable high power, broadband laser sources and
sensitive, high resolution spectrometers in the mid-infrared spectral
region, which limits the applications of broadband IR-DFWM.
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Non-intrusive, in situ detection of ammonia in
hot gas flows with mid-infrared degenerate
four-wave mixing at 2.3μm
A.-L. Sahlberg,* D. Hot, M. Aldén and Z. S. Li

We demonstrate non-intrusive, in situ detection of ammonia (NH3) in reactive hot gas flows at atmospheric pressure using mid-
infrared degenerate four-wave mixing (IR-DFWM). IR-DFWM excitation scans were performed in the v2 + v3 and v1 + v2 vibrational
bands of NH3 around 2.3μm for gas flow temperatures of 296, 550 and 820K. Simulations based on spectroscopic parameters
from the HITRAN database have been compared with the measurements in order to identify the spectral lines, and an absorption
spectrum at 296K has also been measured to compare with the IR-DFWM spectra. The signal-to-noise ratio of the IR-DFWMmea-
surement was found to be higher than that of the absorption measurement. Some spectral lines in the measured IR-DFWM and
absorption spectra had no matching lines in the HITRAN simulation. The detection limit of NH3 diluted in N2 with IR-DFWM in
this spectral range was estimated at 296, 550 and 820K to be 1.36, 4.87 and 7.06×1016molecules/cm3. The dependence of
the NH3 IR-DFWM signal on the quenching properties of the buffer gas flow was investigated by comparing the signals for
gas flows of N2, Ar and CO2 with small admixtures of NH3. It was found that the signal dependence on buffer gas was large at
room temperature but decreased at elevated temperatures. These results show the potential of IR-DFWM for detection of NH3

in combustion environments. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords:mid-infrared; degenerate four-wave mixing; ammonia

Introduction

Ammonia (NH3) is a key species for the fertiliser industry and for
catalytic and non-catalytic reduction of nitric oxides (NOx) in com-
bustion processes.[1] In recent years, biomass has gained much
interest as a renewable alternative to fossil fuels.[2,3] NH3 is often
generated during biomass pyrolysis and gasification.[4,5] The wide-
spread use and occurrence of NH3 in combination with its toxicity
and corrosive nature introduces the need of NH3 detection and
monitoring.

Laser-based diagnostic techniques enable non-invasive in situ
measurements of combustion-relevant parameters.[6] The increas-
ing role of NH3 in biomass combustion means it is of high interest
to develop techniques for detection of NH3 in combustion situa-
tions. The electronic resonances for NH3 are located in the vacuum
ultraviolet, making it difficult to measure NH3 using conventional
laser techniques.[7] Photofragmentation of NH3 and subsequent
NH fluorescence detection has been applied as a means to
circumvent this problem.[8] Another option is to probe the elec-
tronic resonances using two-photon processes, which has been
demonstrated with laser-induced fluorescence,[9,10] polarisation
spectroscopy[11] and four-wave mixing techniques.[12,13] NH3 has
also been detected by probing ro-vibrational resonances in the in-
frared. Previous laser measurements of NH3 have been achieved
using line-of-sight absorption techniques around 10μm.[14,15]

Highly sensitive NH3 detection around 1.5μm has been demon-
strated using diode-laser absorption spectroscopy[16] and fibre
laser intracavity absorption spectroscopy.[17] Laser-induced grating
spectroscopy for detection of NH3 has been demonstrated using
CO2 lasers around 10μm.[18]

Degenerate four-wave mixing (DFWM) is a sensitive, non-
intrusive and coherent laser technique that has been widely ap-
plied to combustion situations with wavelengths in the ultraviolet
(UV)/visible region.[6,19–21] An analytical expression for the DFWM
signal was first derived by Abrams and Lind in 1978.[22,23] Since
then, the theory and application of DFWM for detection of trace
species has been widely studied,[19,24,25] and the results have been
reviewed by Kiefer and Ewart.[26]

Recently, mid-infrared DFWM (IR-DFWM) has emerged as a sensi-
tive laser technique for detection of infrared active molecules and
radicals that lack easily accessible transitions. Compared with the
UV/visible spectral region, few DFWM measurements have been
performedwithmid-infrared lasers, due to relatively low availability
of high power lasers and sensitive, low noise detectors. Detection
of, for example, HF,[27] NO2,

[28] jet-cooled C2H2
[29] and CH4

[30] with
IR-DFWMhas been demonstrated. Sun et al. have designed a stable
alignment of IR-DFWM in the forward phase-matching geometry
and demonstrated the setup for detection of HCl and C2H2

[31] and
for measurements of flame temperatures using H2O line intensity
ratio.[32] Sahlberg et al. recently demonstrated detection of CH3Cl
with IR-DFWM[33] using a similar setup. Högstedt et al. have demon-
strated the use of a novel, low noise upconversion detector for sen-
sitive IR-DFWM measurements of C2H2.

[34]
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The purpose of this paper is to investigate the potential of IR-
DFWM as a tool for non-intrusive, in situ spatially resolved detection
of NH3 by probing the v2 + v3 and v1 + v2 vibrational bands around
4500 cm�1 for applications to biomass combustion. For this pur-
pose, the IR-DFWM spectrum of NH3 diluted in atmospheric gas
flows was measured at 296, 550 and 820K, to determine how the
spectral structure and the detection limit change with temperature.
The measurements indicate the possibility of IR-DFWM as a sensi-
tive tool both for combustion diagnostics and for spectroscopic
investigations in the mid-infrared spectral region.

Experiment

A schematic of the experimental setup is shown in Fig. 1. The laser
system has been described in more detail elsewhere[35], and thus,
only a brief description is provided here. The infrared laser light
was provided by a laser system consisting of an injection-seeded
Nd:YAG laser (Spectra Physics, PRO 290-10), a dye laser (Sirah,
PRSC-D-18) and a frequencymixing unit. The dye laser was pumped
by the frequency doubled output (532 nm) of the Nd:YAG laser, and
the tunable dye laser output around 722nm was frequency mixed
in an LiNbO3 crystal with part of the residual 1064nm output from
the Nd:YAG laser, resulting in mid-infrared laser pulses. This laser
beam was further amplified in a second LiNbO3 crystal pumped
with another part of the residual 1064nm beam. The crystals were
angle adjusted to optimise the conversion efficiency during the dye
laser wide-range wavenumber scans. The final tunablemid-infrared
laser light had a pulse energy around 5mJ and a pulse duration of
3–4ns. The wavenumber during the scan is measured in the dye
laser control programme, and the wavenumber accuracy of our
scans was estimated to be ±0.1 cm�1. The line width of the final
IR laser output has been measured to be 0.025 cm�1.[36] The IR laser
beam was guided through a telescope arrangement (L1, L2) to
obtain a beam size of approximately 2mm. A CaF2 window (BS)
was placed in the beam path, where the reflection was sent to a
power meter in order to monitor the laser power.
The infrared laser beam was overlapped with a He–Ne laser

beam (DM) to facilitate the optical alignment. The laser beam was
split into four parallel beams using a set of specially coated BOX-
CARS plates (BP). A detailed description of the BOXCARS plates
can be found elsewhere.[31] Three of these beams were focused
by an f=300mm CaF2 lens (L3) into the probe volume in the

middle of the gas tube, where the IR-DFWM signal was generated
along the pathway of the fourth beam. The pulse energy of each
beamwas ~1mJ, which corresponds to ~1.2MW/mm2 in the probe
volume with the current setup. The IR-DFWM signal beam was col-
limated by another f=300mm CaF2 lens (L3) and spatially filtered
and focused (L4) onto an InSb liquid nitrogen cooled infrared de-
tector (D, Judson technologies, J10D-M204-R04M-60). The probe
volume was estimated to be 0.4× 0.4×6mm3. The IR-DFWM spec-
trum was obtained by tuning the dye laser wavelength and hence,
scanning the IR laser wavelength over the NH3 absorption lines. The
spectra were recorded without accumulation of the data points.

A continuous gas flow consisting of a buffer gas (N2, Ar or CO2)
with small admixtures of NH3 was flowed through an open T-
shaped heating gas tube, which has been described in a previous
work.[33] The tube is made of fused silica which is surrounded by
an electrical heating wire and insulation. A thermocouple was
inserted through the top of the gas tube in order to measure the
gas temperature close to the probe volume. The temperature in
the probe volume was assumed to be uniform and the same as
what the thermocouple measured. Variable NH3 concentrations in
the gas flow were achieved by adjusting the relative flows of buffer
gas and NH3 using Bronkhorst mass flow controllers. The total gas
flow through the tube was ~2–5 l/min.

An absorption measurement of NH3 was conducted in a 50-cm
long gas cell with CaF2 windows mounted at the Brewster angle
at both ends of the gas cell. A continuous flow, consisting of 2%
NH3 diluted in N2, passed through the gas cell at 296K and atmo-
spheric pressure. The IR laser output was split into two laser beams
where one beam was sent through the gas cell, and the other was
sent through open air, and each of the beams was then directed to
an InSb liquid nitrogen cooled detector. The absorption was ob-
tained from the ratio of the signal from the two detectors. Several
neutral density filters were used to reduce the laser energy in order
to avoid saturation effects in the measured absorption spectrum.

NH3 mid-infrared spectral bands and water interference

NH3 is an oblate symmetric top molecule. In the mid-infrared spec-
tral region, NH3 has several relatively strong spectral lines belonging
to fundamental as well as combination and overtone vibrational
bands. Figure 2 shows the line strengths of NH3 absorption lines
in the spectral region 3000–5300 cm�1. The line intensities are
taken from the HITRAN database.[37] The lines around 3400 cm�1

belong to the v1, v3 and 2v4 bands, the lines around 5000 cm�1

belong to the v1 + v4 and v3 + v4 combination bands, and the lines
around 4500 cm�1 belong to the v2 + v3 and v1 + v2 combination
bands. The line strengths of the NH3 transitions in the entire spectral
region displayed in Fig. 2 are rather similar. The present investiga-
tion employs the v2 + v3 and v1 + v2 bands around 4500 cm�1. The
rotational levels in the v2 + v3 and v1 + v2 bands are described using
the quantum numbers J and K, and s or a indicating the inversion
symmetry. For example, the line notation RR3(4)s indicates a transi-
tion with ΔK=1, ΔJ=1, K″=3 and J″=4, with inversion symmetry s.

Water has strong absorption lines in the mid-infrared spectral
region, so any application of IR spectroscopy in combustion situa-
tions needs to consider the interference from H2O spectral lines at
flame temperatures. Figure 3 shows the line strengths of water lines
at 296 and 1500K, taken from the HITRAN[37] and HITEMP[38] data-
bases. It is clear that a great advantage of NH3 detection in the v2
+ v3 and v1 + v2 bands is that in this case the interference from
H2O spectral lines is much weaker than in the other bands shown
in Fig. 2, both at room temperature and at flame temperatures.

Figure 1. Schematic view of the experimental setup. BP, BOXCARS plates;
D, InSb detector; TC, thermocouple; PM, power metre; BS, beam splitter;
DM, dichroic mirror; L1, CaF2 lens, f= 500mm; L2, CaF2 lens, f=�200mm;
L3, CaF2 lens, f = 300mm; L4, CaF2 lens, f = 100mm.
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Results and discussion

The graphs in Fig. 4 show a comparison of the measured and sim-
ulated IR-DFWM and absorption spectra of the v2 + v3 and v1 + v2
bands of NH3. Figure 4(a) shows the measured absorption spec-
trum of 2% NH3 diluted in N2 over a path length of 50 cm. The
red curve shows a simulated absorption spectrum, calculated using
the Beer–Lambert law

A ¼ 1� e�σ νð ÞNL (1)

where N is the number density and L is the absorption path length.
The absorption cross section σ as a function of wavenumber ν was
calculated using the following relation

σ νð Þ ¼ ∑
i
Sig νð Þ (2)

where Si is the line strength taken from the HITRAN database and
g(ν) is the line shape function, which was approximated by a
Lorentzian function with a line width given by the collision line
width specified in the HITRAN database.

The recorded absorption spectrum compares quite well with the
simulation over most of the spectrum. As a linear technique, the
absorption spectrum is easy to simulate, and it is straightforward
to relate the recorded absorption to species concentration. It is
valuable to have a recorded absorption spectrum to compare with
the IR-DFWM measurements, as the latter is more difficult to simu-
late for complicated molecular spectra.[33] Note that pulsed lasers
are generally not optimal for absorption measurements, due to la-
ser energy shot-to-shot fluctuations which complicates the data
analysis. For example, the broad structure around 4590 cm�1 in
the measured absorption spectrum, which does not have a match
in the simulation, probably originates from background noise due
to laser fluctuations.

Figure 4(b–d) shows the measured IR-DFWM spectra of NH3

diluted in N2 at 296, 550 and 820K, compared with simulations of
the IR-DFWM signal at the same temperatures. The DFWM signal
for saturating laser intensities was simulated using the empirical
relation[33]

IDFWM∝N2σ νð Þ2 (3)

Figure 2. TheHITRAN line strengths of NH3 transitions at 296 K in themid-infrared spectral region. Assignments for the different bands are included in the figure.

Figure 3. The line strengths of H2O transitions from the HITRAN and HITEMP databases at (a) 296 K and (b) 1500 K.
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whereN is the number density of the gas. The relation for saturating
DFWM was used in the simulations because this gave the best
agreement with the experiment. The absorption cross section σ(ν)
was calculated as shown in Eqn. (2), but the line shape function
g(ν) was approximated by a Voigt profile, with parameters cho-
sen to match the measured line shapes at each temperature.
In the figures, the simulation from Eqn. (3) was multiplied with
a calibration constant to achieve the best fit to the measured
line intensities. Line notations for selected lines in the spectra
are included in the Supporting information along with text files
containing the raw data for the spectra.
Comparing the absorption and IR-DFWMspectra at 296 K in Fig. 4

(a and b), it is clear that the IR-DFWMspectrumhas better sensitivity
and higher signal-to-noise ratio than the absorption spectrum. The
strong lines in the centre of the spectral range are enhanced in IR-
DFWM, while the weak lines located in the wings of spectrum ap-
pear even weaker because of the quadratic dependency on σ. For

the most part, the measured IR-DFWM spectra in Fig. 4(b–d) agree
quite well with the simulations. Small deviations of the measured
and simulated line intensity for individual lines are likely to be
caused by the unstable mode structure of the laser, which can
cause fluctuations in the signals.[39,40] However, there are larger
differences which cannot be explained by noise in the signals.
At all three temperatures, the measured spectra in the interval
4390–4400 cm�1 show several strong lines without corresponding
lines in the simulation. Also, at 550 and 820K in Fig. 4(c and d),
there is an unforeseen strong spectral line at about 4577.5 cm�1.
In the following sections, this will be discussed in more detail.

4390–4440 cm�1

Figure 5 shows themeasured IR-DFWM spectrum at 296K in the in-
terval of 4390–4440 cm�1. There are six relatively strong spectral
lines (numbered 1–6 in the figure), which do not match any

Figure 4. A comparison of the measured (blue) and simulated (red) (a) absorption spectrum of NH3 at 296 K for an NH3 concentration of 2% and a path
length of 50 cm, (b) mid-infrared degenerate four-wave mixing (IR-DFWM) spectrum at 296 K, 0.99% NH3 (c) IR-DFWM spectrum at 550 K, 1.97% NH3 and
(d) IR-DFWM spectrum at 820 K, 2.93% NH3. The intensities of the simulated IR-DFWM spectra were adjusted to the best fit to the measurements.
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transition in the simulation. The lines are present at all temper-
atures and are much stronger than any of the lines in the
simulation. Figure 6 shows the measured and simulated ab-
sorption spectrum in the same interval. The six lines men-
tioned previously are present in both experimental spectra,
absorption and IR-DFWM. Careful examination of the IR-DFWM
and the absorption spectra and comparison with the HITRAN
data shows that all the HITRAN weak transitions are present
as separate signals around the extra lines and thus cannot be
responsible for these signals.

The first high-resolution study of the v2 + v3 and v1 + v2 bands
of NH3 was performed in 1958 by Benedict et al.,[41] using a
15000 lines-per-inch grating spectrometer with a resolution of
0.08 cm�1. They observed a large number of spectral lines in this
spectral region and managed to assign these lines to transitions
within the v2 + v3 and v1 + v2 bands. The extra lines 1–6 observed
in Fig. 5 are also present in the spectra they published and
surrounded by transitions that match the HITRAN database and
our measurements. Lines 1–3 were identified as the RQ0(5)s,

RQ0(3)s
and RQ0(1)s lines of the v2 + v3 band, while Lines 4–6 were

Figure 5. A comparison of the measured (blue) and simulated (red) mid-infrared degenerate four-wave mixing (IR-DFWM) spectrum at 296 K in the interval
4390–4440 cm�1. The numbers 1–6 indicate six strong spectral lines without corresponding lines in the simulation. The intensities of the simulated spectra
were adjusted to the best fit to the measurements.

Figure 6. A comparison of themeasured (blue) and simulated (red) absorption spectrum at 296 K in the interval 4390–4440 cm�1. The numbers 1–6 indicate
the six spectral lines without corresponding lines in the simulation.

Figure 7. A comparison of the measured (blue) and simulated (red) mid-infrared degenerate four-wave mixing (IR-DFWM) spectrum at 550 K in the interval
4480–4520 cm�1. In this spectral region, the simulation and measurement agree very well at all investigated temperatures. The intensities of the simulated
spectra were adjusted to the best fit to the measurements. The arrows indicate the lines used for the detection limit and buffer gas dependence
measurements.
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shown in the spectra but not assigned. The fact that the extra
lines have been observed before support our conclusion that
these are NH3 lines and not lines from any contaminant spe-
cies present in our setup.
The data for NH3 in the HITRAN 2012 database[37] are based on

an extensive recalculation, performed by Down et al.,[42] of the data
in the HITRAN 2008 database.[43] They updated the line assign-
ments with a new set of quantum numbers that better described
the levels and changed or removed transitions that were incorrectly
labelled. For the v2 + v3 and v1 + v2, the changes performed were
relatively small. The data for the v2 + v3 and v1 + v2 bands in the
HITRAN 2008 database originate fromhigh-resolution Fourier trans-
formmeasurements performed by Urban et al.[44] This study identi-
fied a large number of transitions from the v2 + v3 and v1 + v2 bands
in NH3, but the six extra lines in Figs 5 and 6 were not mentioned in
their analysis. They also assigned some lines to the v2 + 2v4 band,
but the analysis was not complete because of the low signal-
to-noise ratio for the weaker lines. Insufficient line intensities also
made it impossible to make assignment of the lines to the
3v2 + v4, 4v2 and 5v2 bands. Failure to include all transitions in
the database could explain why the extra spectral lines in our
measurements are not present in the simulation, although it
is unlikely that these weak bands are responsible for the strong
spectral lines observed in Figs 5 and 6.
The relative intensity of the lines does not match between the

IR-xDFWM spectrum and the absorption spectrum. As mentioned
before, pulsed lasers are not ideal for absorption measurements.
Background noise from the laser energy shot-to-shot fluctuations
means it is hard to trust the absolute values of the measured peak
absorption. Also, it has been shown before that the IR-DFWM simu-
lation of closely spaced lines is complicated and requires detailed
knowledge of the coherent addition of signals belonging to differ-
ent transitions,[45–47] and that the IR-DFWM intensity does not
always match with the absorption intensity of closely spaced
transitions.[33] In the measurements by Benedict et al.,[41] the
absorption strength of all six lines was similar, although their
measurements were performed at low pressures, which makes a
direct comparison with our measurements difficult.

4480–4520 cm�1

Figure 7 shows the measured IR-DFWM spectrum at 550K in the
spectral region 4480–4520 cm�1. In this spectral range, the agree-
ment between measurement and simulation is relatively good. As
mentioned before, any difference between the measured and

simulated line intensity is probably due to the unstable mode struc-
ture of the IR laser system. This is also why the line shapes of the IR-
DFWM spectral lines are not perfect Voigt profiles. Any difference
between the centre wavenumber of the measured and simulated
IR-DFWM lines is within the IR laser wavelength precision.

4550–4600 cm�1

At 820 K, and to a lesser degree at 550 K, hot lines that were absent
at room temperature starts to appear in the measured IR-DFWM
spectra. Figure 8 shows the spectrum at 820 K in the interval
4550–4600 cm�1. The numbers 1–8 indicate selected lines in the

Figure 8. Comparison of the measured (blue) and simulated (red) mid-infrared degenerate four-wave mixing (IR-DFWM) spectrum at 820 K in the interval
4550–4600 cm�1. The numbers 1–8 indicate eight spectral lines that have no corresponding lines in the simulation. The weak simulated line at 4577.66 cm�1

is the RR6(10)a line from the v2 + v3 band. The intensities of the simulated spectra were adjusted to the best fit to the measurements.

Figure 9. The line integrated mid-infrared degenerate four-wave mixing
(IR-DFWM) signal intensity dependence on the concentration of NH3

diluted in N2 at 296 K for the RR3(3)a line from the v2 + v3 band at
4484.1 cm�1. Each point on the curve is an average of five measurements,
and the error bars represent the standard deviation. The inset shows the
scan over the RR3(3)a line and the weaker RR3(4)s line at 1151 ppm NH3

concentration.

Table 1. The estimated detection limit for NH3 diluted in N2 atmo-
spheric pressure gas flows at each temperature

Temperature
(K)

Detection limit
(ppm)

Detection limit
(molecules/cm3)

296 550 1.4 × 1016

550 3700 4.9 × 1016

820 7900 7.1 × 1016

A.-L. Sahlberg et al.
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measurement that have no corresponding lines in the simulation.
Line number 6 at 4577.5 cm�1 is very close to the RR6(10)a line of
the v2 + v3 band at 4577.66 cm�1 but has higher line intensity.

The HITRAN database contains limited information about NH3

hot bands in this spectral region. Therefore, it is likely that Lines
1–8 belong to some hot bands of NH3, which have too low intensity
to be identified in room temperature spectra, but gain intensity as
the higher levels become populated at elevated temperatures.
The presence of many closely spaced transitions in Line 6 could
explain why the signal for this line is so strong compared with the
other hot lines. It is also possible that the NH3 is decomposing in
the hot environment, and that the extra lines originate from some
other species in the flow. However, the hot lines start to appear in
the spectrum already at 550 K, at which temperature the decompo-
sition of NH3 should be completely negligible.[48,49] Even at 820 K,
the gas flows used in these experiments are high enough that the
pyrolysis can be assumed to be negligible for the time the NH3

gas spends in the heating tube.
Text files containing the raw data for the IR-DFWM spectra at

each temperature are available in the Supporting information.

NH3 detection limit

To test the detection limit of these measurements, the IR-DFWM
signal dependence on the NH3 concentration diluted in N2 gas
flows was investigated. Five consecutive IR-DFWM scans were per-
formed over the strongest line in the spectrum for a number of NH3

concentrations at each temperature. At room temperature, the scan
was performed over the RR3(3)a line from the v2 + v3 band at
4484.1 cm�1. Figure 9 shows the IR-DFWM line-integrated signal
intensity as a function of NH3 concentration at 296 K. The line-
integrated signal intensity is defined as the area under the recorded
IR-DFWM line. The inset is the IR-DFWM signal for 1151ppm of NH3,
showing both the RR3(3)a line and the weaker neighbouring RR3(4)s
line at 4484.7 cm�1. At 550 and 820K, the concentration depen-
dence scan was instead performed over the RR6(6)s line of the
v2 + v3 band at 4498.1 cm�1. These lines are indicated with arrows
in Fig. 7. The detection limits at each temperature were estimated
by extrapolating the fitted quadratic curve down to a value where
the signal-to-noise ratio is 1, and the resulting detection limits are
shown in Table 1.

Buffer gas dependence

The dependence of the IR-DFWM signal on the buffer gas environ-
ment was investigated by performing a series of measurements for
NH3 diluted in three different buffer gases (Ar, CO2 or N2) at 296,
550 and 820K. Figure 10 shows the line-integrated IR-DFWM signal

intensity of the RR3(3)a line of the v2 + v3 band for NH3 diluted in Ar,
CO2 or N2. The NH3 concentration in the gas flows was 0.99, 1.97 and
2.93% at 296, 550 and 820K, respectively. The signals are an
average of five measurements, and the error bars indicate the stan-
dard deviation of the five measurements. At each temperature, all
three signals are normalised to the signal recorded in Ar. It is clear
that the signal is strongly dependent on the buffer gas, but the
dependence decreases with increasing temperature. Collisional
quenching as well as rotational and vibrational energy transfer con-
tributes to the IR-DFWMdependence on the buffer gas. The depen-
dence decreases at higher temperatures due to lower collision
rates. At room temperature, the signal in Ar is ~16 times stronger
than the signal in CO2, while at 820K, the signal in Ar is only ~2.5
times larger than the signal in CO2. This suggests that collision
factors should not have a significant effect on IR-DFWM measure-
ments in atmospheric pressure flames. This is in agreement with
previous DFWMmeasurements in flames, where the derived-flame
temperatures from OH spectra were found to be almost indepen-
dent on collisional correction factors.[50]

Previous theoretical and experimental studies predict that the
DFWM signal for saturating laser intensities should be relatively
insensitive to collisional quenching, while unsaturated signals have
a stronger pressure dependence.[25,51,52] These theoretical studies
assumed non-saturating probe beams and the phase-conjugate
geometry. Therefore, the results may not be directly applicable to
our measurement situation, where we have equal pump and probe
intensities and the forward pump geometry.[53] The recorded
IR-DFWM spectra in Fig. 4 are well simulated by a σ2-dependence,
which suggests the laser energies in these experiments were close
to saturation.[54] Saturation is more easily achieved at elevated tem-
peratures, which could explain why the collision dependence is
smaller at higher temperatures. A detailed study of saturation influ-
ence on collision effects in IR-DFWM is beyond the scope of this
work. Further work is required to study this in more detail.

Conclusions

We have demonstrated successful detection of NH3 with IR-DFWM
in the v2 + v3 and v1 + v2 vibrational bands around 2.3μm for 296,
550 and 820K. A comparison between the measured IR-DFWM
spectrum of NH3 and a simulation from theHITRANdatabase shows
a good agreement in line position and intensity for most parts of
the spectrum. A large disagreement is found in the interval 4390–
4440 cm�1, where there are six relatively strong spectral lines in
the measured IR-DFWM spectrum of NH3 without any match in
the simulation. These extra lines were observed in previous

Figure 10. A comparison of the relative mid-infrared degenerate four-wave mixing signal of NH3 diluted in Ar, CO2 or N2, for (a) 296, (b) 550 and (c) 820 K.
The signals in each graph are normalised to the signal in the Ar buffer gas. The three plots show the line-integrated signals for an average of five
measurements, and the error bars represent the standard deviation of the measurements.
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measurements of the NH3 absorption spectrum in this spectral
region[41] but are not included in later studies[42,44] or in the HITRAN
database.[37] Further work is required to determine the origin of
the discrepancies. At elevated temperatures, there is also a
strong spectral line at 4577.5 cm�1 and several weaker lines
without a match in the HITRAN database. To our knowledge,
there have been no measurements of the hot NH3 spectrum in
this spectral region before. Therefore, the HITRAN database con-
tains limited information about the hot bands of NH3. This dem-
onstrates the potential of IR-DFWM as a spectroscopic tool for
investigation of mid-IR spectral lines at both room and elevated
temperatures.
The IR-DFWM signal intensity at room temperature was found

to depend strongly on the buffer gas, being ~16 times higher
in Ar compared with CO2. This dependence decreased at elevated
temperatures, and at 820 K, the signal in Ar was only ~2.5 times
larger than that in CO2. This seems to indicate that flame mea-
surements of NH3 with IR-DFWM are rather insensitive to collision
factors, which opens the possibility for quantitative concentration
measurements.
Detection limits at 296, 550 and 820K in N2 gas flows were

estimated to be of 1.36, 4.87 and 7.06× 1016molecules/cm3, re-
spectively. These detection limits could be greatly improved by
utilising the more sensitive upconversion detector,[55] which has
been demonstrated before to give at least ten times improve-
ment in detection limit for IR-DFWM measurements.[34] The con-
centration of NH3 released during combustion of biomass varies
with the fuel.[56] For many applications, the detection limits
achieved here should be sufficient for in situ diagnostics in bio-
mass combustion.[56,57] Detection of NH3 in this spectral region
appears to be relatively free from water interference and inter-
ference from other species which could be present in biomass
combustion environments. These measurements show that IR-
DFWM has great potential for sensitive, in situ detection of
NH3 in biomass combustion with high spectral resolution.
Text files containing the raw data for the IR-DFWM spectra at

each temperature, and line notations for selected spectral lines in
the figures, are available in Supporting information.
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Abstract 

For the first time, laser-induced thermal grating spectroscopy (LITGS) in the spectral range 

around 3 μm is demonstrated as a versatile diagnostic tool. This spectral region is of particular 

interest in combustion diagnostics as many relevant species such as hydrocarbons and water 

exhibit fundamental vibrational modes and hence can be probed with high sensitivity. Another 

benefit of the IR-LITGS is that it allows performing spectroscopy in the infrared combined 

with signal detection in the visible. Hence, the strong thermal radiation inherent in flames 

does not represent an interference. As the first step, we present the application of IR-LITGS to 

cold gas flows, where traces of ethylene and water vapor are detected. The time-resolved 

LITGS signals, which can be acquired in a single laser shot, are rich in information and allow 

deriving temperature and to some extend chemical composition. In the second step, the IR-

LITGS technique is applied to ethylene/air flames stabilized on a flat flame burner. A proof-

of-concept study is carried out, in which the temperature is determined in the burned region of 

flames with systematically varied equivalence ratio (0.72 < Φ < 2.57). Moreover, in a highly 

sooty flame, LITGS signals were recorded as a function of height above the burner and 

allowed the determination of the temperature profile. The proposed IR-LITGS method has the 

potential for enabling single-shot measurements of several parameters at a time. Its 

applicability to sooty flame environments opens up new opportunities to study the complex 

formation of carbonaceous particles in flames.  

 

Keywords: laser-induced thermal grating spectroscopy, mid-infrared, ethylene/air flame, 

temperature, concentration 
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1. Introduction 

A major task in combustion research is to experimentally validate combustion models and 

hence there is a need for diagnostic methods [1]. Spectroscopic techniques such as Raman 

scattering, laser-induced fluorescence, and coherent anti-Stokes Raman scattering (CARS) 

have been developed since the 1960s to obtain information about temperature and species 

concentrations in combustion environments in a nonintrusive manner. High accuracy and 

precision as well as spatial and temporal resolution are required in the acquisition of data 

appropriate for model evaluation. 

The application of laser diagnostics to combustion systems is most useful when several 

parameters can be measured simultaneously. Temperature, a key parameter for flame 

characterization, should always be included in the list of requirements. However, due to the 

particularly harsh environment in sooty flames of practical interest, most conventional 

techniques reach their limits. Line-of-sight methods like absorption or emission spectroscopy 

do not provide sufficient spatial resolution. Rayleigh scattering, Raman spectroscopy and 

laser-induced fluorescence may suffer from the presence of the particles. In order to overcome 

these problems, nonlinear optical methods have proved to be most suited [2, 3].  

In particular, CARS for temperature and selected species measurements have frequently been 

used [4-6]. Especially in heavily sooting environments, CARS has demonstrated its 

advantages [7-10]. Laser-induced thermal grating scattering (LITGS) is another promising 

candidate for flame diagnostics. Time-resolved LITGS signals are rich in information, e.g. 

regarding the temperature, chemical composition, quenching effects and the thermo-physical 

properties of the probed gas volume. In principle, laser-induced gratings (LIGs) are transient 

spatially periodic modulations of the refractive index. In a typical LITGS experiment, two 

coherent pump beams from a pulsed laser are overlapped and create an interference pattern in 

the intersection region. Thermalization of the energy conveyed to the absorbing species of the 
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medium by the pump radiation result in transient density, and thus refractive index spatial 

modulations. For completeness, we note that electrostriction is also taking place, but it can 

usually be neglected in the presence of strong absorption. A small fraction of a continuous-

wave probe laser beam is Bragg diffracted by the LIG and represents the signal, which is 

detected with high temporal resolution to allow monitoring the dynamics of the transient 

grating. 

To date laser-induced grating methods have been applied to combustion systems to a limited 

extent. Most of the studies used LIG techniques in non-sooty flames. For example, hydrogen 

flames were examined by Williams et al. [11]. They used a dye laser at 308 nm to excited OH 

radicals and employed a pulsed probe laser (532 nm). Fourkas et al. employed two picosecond 

lasers at 589.6 and 589.0 nm to resonantly pump and probe sodium atoms seeded into 

hydrogen and methane flames [12]. Hell et al. [13] utilized the absorption band of water 

around 1 µm to obtain laser-induced thermal gratings in a H2/air flame using the fundamental 

output of a Nd:YAG laser. The gratings were probed with a pulsed laser at 532 nm. A number 

of different pump-probe schemes were also applied to lean and stoichiometric methane/air 

flames. Latzel et al. [14] excited OH radicals at 307 nm and used a cw Argon ion laser (488 

nm) as a probe. The absorption of water and OH molecules in the near-infrared was utilized 

by Hart et al. [15], Hemmerling et al. [16], and Stampanoni-Panariello et al. [17]. They 

employed pump lasers at 720, 820, and 1064 nm, respectively. The latter excitation 

wavelength was also used in a study by Hemmerling and Kozlov [18], who demonstrated a 

single-laser scheme for LIG experiments. The mid-infrared radiation from a CO2 laser was 

employed by Gutfleisch et al. [19]. The long and non-Gaussian pulses from the CO2 laser, 

however, did not allow the observation of the typical acoustic oscillations of transient LIG 

signals generated with nano- or picosecond pulses. 
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Sooty flames have been studied with LIG techniques even less. As early as 1993 did 

Hemmerling and Stampanoni-Panariello apply a two-dimensional LIG method to image a 

sooty acetylene/air flame [20]. Their setup, however, did not allow recordings of time-

resolved data and hence it was not possible to make use of the rich information contained in 

the grating dynamics. Such time-resolved LIG signals from sooty flames were studied by 

Brown and coworkers [21, 22]. They utilized the acoustic modulations during the first 100 ns 

after the pump pulses to derive temperature information in ethylene/air flames [21]. The pump 

laser provided 50 mJ pulses at 532 nm, and the cw probe laser delivered 500 mW at 488 nm. 

In the presence of soot particles, an increase in the signal intensity was observed due to the 

absorption of pump radiation by the particles. In a follow-up study they used 100 mJ pump 

pulse energy (532 nm) and up to 1.5 W cw power (514.5 nm) as a probe.  

In most applications of laser-induced grating methods to flames to date, relatively high laser 

pulse energies have been used. The reason for this may be that excitation was often made in 

the visible at 532 nm. This wavelength is not absorbed by the molecules in a flame and hence 

the signal in non-sooty regions was a result of electrostriction, which is a relatively weak 

effect compared to thermalization. Electrostrictive LIG signals are dominated by the overall 

acoustic properties (speed of sound and sound attenuation), and consequently the content of 

information is significantly lower than in LITGS signals. For multi-parameter measurements, 

laser-induced thermal gratings seem to be more promising. In an optimal case, these thermal 

gratings are produced by excitation of species that naturally occur in a flame in order to avoid 

the need for seeding a tracer like acetone [23] or sodium [12]. Molecular tracers may be 

oxidized in the reaction zone and hence measurements are only possible in the unburnt gas 

region of a flame. Utilizing combustion intermediates like OH [11, 14] or products like water 

[13, 15, 16] is an option, but again, only limited regions can be studied. A suitable alternative 

is to do excitation at around 3 µm, where many combustion-relevant species absorb via 
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fundamental ro-vibrational transitions [24]. This is true for hydrocarbons, water, and even for 

soot particles. Hence it seems promising to apply IR-LIGS to flames. 

In this work, we demonstrate the first application of IR-LITGS in lean and rich C2H4/air 

flames. For this purpose, tunable radiation from a pulsed infrared laser is employed to 

produce a transient laser-induced grating inside McKenna-type flames. A 457 nm cw laser is 

used to probe the dynamics of the grating. In a first series of measurements, the IR laser was 

tuned across a large spectral window around 3 µm in order to record the spectra in different 

gas flows and flames. With the knowledge of the spectroscopy, LITGS signals were acquired 

systematically at varied locations in various ethylene/air flames stabilized with a bluff body 

mounted above the burner.  

 

2. Experimental setup 

The IR-LITGS measurements were performed in atmospheric laminar ethylene/air flames 

with equivalence ratio ranging from Φ=0.72 to Φ=2.57 on a McKenna-type burner with a 

plug diameter of 48 mm. The water-cooled burner head was utilized to provide a flat 

premixed flame with a bluff body stabilizer mounted 14 mm above the burner surface. The 

relative flows of ethylene and air were controlled with mass flow controllers (Bronkhorst).  

A schematic view of the experimental setup is illustrated in Fig. 1. The laser system has been 

described in more detail elsewhere [25] and thus only a brief description is provided here. The 

mid-IR laser radiation around 3 μm was generated by a laser system consisting of an 

injection-seeded Nd:YAG laser (Spectra Physics, PRO 290-10), a dye laser (Sirah, PRSC-D-

18) and a frequency mixing unit. The fundamental beam (1064 nm) of the Nd:YAG laser was 

frequency doubled to 532 nm to pump the tunable dye laser operating with LDS 798 dye. A 

part of the residual 1064 nm beam from the Nd:YAG laser was frequency mixed in a LiNbO3 

6



7 
 

crystal with the dye laser output tuned to 806 nm, resulting in IR laser pulses. This IR laser 

beam was further amplified in a second LiNbO3 crystal pumped with another part of the 

residual 1064 nm beam to produce pulsed tunable mid-IR laser light with pulse energies 

around 7 mJ and pulse durations of 3-4 ns. The linewidth of the IR laser has been measured to 

be 0.025 cm-1 in previous work [26]. The IR laser beam was guided through a telescope 

arrangement (L1 and L2) to obtain a beam size of approximately 2 mm. A HeNe laser beam 

was spatially overlapped with the IR beam through a dichroic mirror to facilitate the optical 

alignment. The IR beam was split into two parallel beams with equal intensity using a 

specially coated CaF2 plate (BS, 50/50), resulting in the two pump beams used in IR-LITGS. 

A cw solid state laser (Laserglow Tech., LRS-0457) with a wavelength of 457 nm and an 

output power of 330 mW was used as probe laser. The pump beams were focused by a CaF2 

lens (L3) with f = 300 mm over the burner, resulting in a crossing angle of 5.65° and a grating 

spacing of 31 μm with an estimated interaction length of 14 mm. The phase-matching was 

achieved in a planar BOXCARS geometry and thus, the probe laser was focused into the 

crossing point with the same lens. After the measurement region, the IR-LITGS signal beam 

was separated from the pump and probe beams using an aperture and interference filter (IF, 

457.9 ±10 nm) and was directed to a photomultiplier tube (PMT, Hamamatsu H6780-04) 

connected to an oscilloscope (LeCroy WaveRunner 6100, 1 GHz).  

 

Figure 1: Schematic view of the IR-LITGS setup. M: gold or aluminum mirror, DM: dichroic 

mirror, BS: CaF2 beam splitter (50/50), L1: CaF2 lens, f=500 mm, L2: CaF2 lens, f=-200 mm, 
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L3: CaF2 lens, f=300 mm, A: aperture, IF: interference filter 457.9 ± 10 nm, PMT: 

photomultiplier tube, OSC: oscilloscope. The photograph shows the laminar C2H4/air flame 

at Φ=2.57. 

 

3. Results & Discussion 

The theory of LITGS has been presented several times (see, e.g. [3, 16, 27, 28]) and only a 

brief description is included here. Two pump beams of wavelength λpump crossing at an angle 

θ create a laser-induced thermal grating (LITG) with grating spacing 𝛬𝛬 =

𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (2 sin(𝜃𝜃 2⁄ ))⁄ . The dynamics of the LITG can be studied by detecting the time-

resolved probe beam scattering. The rise time of the signal depends on the speed of the energy 

transfer in the medium, and the signal decays exponentially due to thermal diffusion. In 

addition, the fast changes of the temperature during the formation of the LITG will create a 

rapid density modulation. This leads to two acoustic waves propagating perpendicular to the 

fringe plane in opposite direction; consequently the formation of a standing wave. The 

frequency of the acoustic signal is 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑣𝑣𝑜𝑜 𝛬𝛬⁄ , where vs is the speed of sound in the gas. This 

acoustic contribution will appear as an oscillation of the signal intensity superimposed on the 

signal from the stationary temperature grating. This acoustic wave modulation will decay as 

the waves travel out of the grating area. Sound attenuation by viscous damping can normally 

be neglected. 

The temperature T for an ideal gas can be calculated as 

𝑇𝑇 =
𝑣𝑣𝑜𝑜2

𝑅𝑅𝑝𝑝�𝛾𝛾 𝑀𝑀𝑔𝑔𝑔𝑔𝑜𝑜⁄ �
 

(1) 
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where γ is the specific heat ratio, Ru is the universal gas constant and Mgas is the molecular 

weight of the gas. Thus, the oscillation frequency in the LITGS signal can be used to calculate 

the gas temperature, if the gas composition and the relevant gas constants of the medium are 

known. 

 

3.1 LITGS in non-reacting flows 

Figure 2 shows the temporal shape of a LITGS signal recorded in a room temperature gas 

flow of 2.6% C2H4 diluted in N2. The pump laser wavelength was 3.125 µm (3200 cm-1) and 

the curve is an average of 500 shots. The frequency of the oscillation, determined by Fourier 

analysis of the signal, is 11 MHz. This value was used for calibration of the crossing angle 

between the pump beams, to increase the accuracy of the subsequent temperature 

measurements in the flames. By fitting a single-exponential function to the decaying part of 

the signal, the decay time τd was found to be 1.23 μs. The red curve in Fig. 2 is the 532 nm 

Nd:YAG laser pulse recorded with a photodiode. This is taken as a reference for the pump 

laser timing. The mid-IR pump laser pulses were delayed by a short time (~10 ns) compared 

to the 532 nm pulse. This delay has been compensated for in the figures. 

The inset in Fig. 2 shows a LITGS excitation scan in the interval 3200-3240 cm-1. Each point 

in the excitation scan represents the integrated area under the LITGS signal between 0 and 5 

μs. The excitation scan was recorded with ~1.5 mJ pump laser energy, to avoid saturation 

broadening in the recorded spectrum.  

9



10 
 

 

Figure 2. LITGS temporal shape at 3200 cm-1 in a gas flow of 2.6 % C2H4 diluted in N2 at 

296 K. The red curve shows the timing of the pump laser pulses. Inset: LITGS excitation scan 

3200-3240 cm-1.  

 

During the experiments it was found that the LITGS signal is very sensitive to water lines in 

this spectral region. Even diffusion of a small amount of ambient water vapor into the gas 

flow caused a strong interfering signal. This is remarkable as the water lines in this spectral 

range possess low absorption cross sections. To test the sensitivity of LITGS to water lines, 

we recorded a LITGS excitation scan in the ambient air. The water concentration in the air 

was estimated to be ~0.5% from the humidity and temperature in the lab. Figure 3 shows the 

LITGS excitation scan in the interval 3200-3300 cm-1 compared with a simulation of the H2O 

absorption coefficient at 296 K, with a water mole fraction of 0.5 %, using data from the 

HITRAN database [29]. The inset shows the temporal LITGS signal (averaged over 500 laser 

shots) recorded at the peak of the water line at 3209.75 cm-1. The oscillation frequency is 11 

MHz and the decay time is 0.58 μs.  

The relative line intensities in Fig. 3 show some discrepancies between the simulation and the 

LITGS experiment. This can be attributed to absorption of the laser energy by water in the 

ambient air. As the laser is absorbed, the pump laser energy decreases over the path the laser 

travels before reaching the measurement volume. Thus, stronger water lines are excited by 
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lower laser energy than weaker lines, which leads to a lower signal. The high signal-to-noise 

ratio indicates that LITGS can be used as a highly sensitive tool for trace amounts of water in 

gas flows. Moreover, the comparison of the temporally resolved LITGS signals in Figs. 2 and 

3 reveals significant differences in the evolution of the signal. This is a result of the different 

energy transfer mechanisms between the excited molecules C2H4 and H2O with their 

environment, respectively. Hence, not only the spectral position but also the temporally 

resolved single-shot signal carries species-specific information. 

 

Figure 3. (a) LITGS excitation scan of water in the ambient air at 296 K. (b) The simulated 

absorption coefficient of 0.5 % of water in air at 296 K. Inset in (a): LITGS temporal shape of 

water in the ambient air at 296 K recorded at 3209.75 cm-1.  

 

3.2 LITGS in flames 

Figure 4a shows LITGS excitation scans performed in a rich (Φ=2.57) and a lean (Φ=0.82) 

C2H4/air flame. The measurement volume was located at 7-mm height above the burner 

(HAB). The black curve shows the scan in the lean flame and the blue curve was recorded in 

the rich flame. The rich flame scan is plotted with an offset of 1×10-9 (arbitrary units) for an 

improved readability. 
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The excitation scan in the rich flame shows a broad, continuous spectral structure, which 

decreases in intensity from 3200 to 3300 cm-1. The excitation scan in the lean flame, on the 

other hand, shows sharp spectral lines. These sharper lines are also visible in the rich flame, 

on top of the broad spectral feature. In order to analyze the spectrum, a comparison is made 

with simulations of the water absorption coefficient from the HITEMP database [30]. It shows 

that the sharp lines are hot water lines. The broad spectral feature in the rich flame can be 

ascribed to absorption by various hydrocarbons in the flame. The product zone of a rich 

C2H4/air flame contains a multitude of hydrocarbon species with absorption lines in this 

spectral range, and most hydrocarbon spectra have very high line density at flame 

temperature. The spectrum of the rich flame also shows sharp dips in the continuous spectral 

feature at certain wavenumbers. The comparison with HITRAN simulations shows that these 

dips correspond to the strong water lines at low temperature (296 K). A decrease in the pump 

laser intensity due to absorption by water in the ambient air leads to a lower signal at these 

points in the spectrum. However, note that the LITGS signal is still solely generated in the 

measurement volume. Only the overall intensity is affected by this absorption, but not the 

signal characteristics that are utilized in the evaluation. 

Figures 4b-c shows the temporally resolved LITGS signal recorded in the lean and rich 

flames. Excitation was made at the peak of the hot water line at 3231 cm-1. Each curve is an 

average of 500 shots. The signals have a higher oscillation frequency and a faster decay time 

than the ones recorded in the cold flows. This reflects the faster sound speed and enhanced 

thermal diffusion at flame temperature.  
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Figure 4. (a) LITGS excitation scan in C2H4/air flames at Φ=2.57 (blue) and Φ=0.82 (black) 

compared with the simulated absorption coefficient of water at 1700 K (red) and 296 K 

(green). The relative intensity of the absorption coefficient has been adjusted to match the 

measurement. The lower figures show LITGS temporal shape recorded at 3231 cm-1 in the 

flame at (b) Φ=0.82 and (c) Φ=2.57.  

 

In order to do a systematic assessment of the method, LITGS signals were recorded at 4 mm 

HAB for different equivalence ratios Φ. Figure 5a shows the oscillation frequency and decay 

time of the LITGS signals as a function of Φ. The error bars indicate a 5% uncertainty in the 

oscillation frequency, as a result of the limited resolution in the Fourier transform, and a 10% 

uncertainty in the decay time from the exponential fit.  

Figure 5b shows the flame temperature derived from the oscillation frequency using Eq. 1. 

Thermodynamics equilibrium calculations were performed to determine the adiabatic flame 

temperature (Tad) and the major species concentration in the flames at different Φ. The 

measured temperature is significantly lower than the adiabatic temperature. This is attributed 

mainly to heat losses to the burner surface and to the bluff body stabilizer, which was placed 

quite close to the burner in order to stabilize the flames. The error bars, showing an 

uncertainty of 5-10 %, reflect both the uncertainty in the oscillation frequency and in the gas 
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compositions. The gas composition is needed to determine the constants γ/Mgas in Eq. 1. For 

lean and stoichiometric flames, the change in the gas constants with Φ is very small, as shown 

before [22]. For rich flames the gas constants were found to vary more significantly with gas 

composition. The most important influence in these changes was the H2 mole fraction in the 

flame. Thus, for accurate flame temperature measurements in rich flames using LITGS, 

accurate and precise determination of the H2 mole fraction is required. For most flames, 

however, reasonable estimates of the local hydrogen concentration are available in the 

literature. Future work will investigate the possibility of deriving both the temperature and the 

γ/Mgas ratio simultaneously from measuring the oscillation frequency and the decay time. 

 

Figure 5: (a) Oscillation frequency and decay time of the LITGS signal in C2H4/air flames 

with different Φ. (b) Flame temperatures calculated from the LITGS oscillation frequencies 

for different Φ compared with the adiabatic flame temperature.  

 

14



15 
 

Figure 6 shows the time-resolved LITGS signals recorded at different HAB in the Φ=2.57 

flame. Each curve was recorded with excitation at 3231 cm-1 and is an average of 500 shots. 

The variations of the main characteristics between single shot signals were not significant, but 

the signal-to-noise ratio of the single shots was of the order of 20, hence the averaging. At 

some HAB, there is a weak signal that appears simultaneously with the pump beams and 

disappears when at least one of the pump lasers is blocked. This is shown in the insets in Fig. 

6. This signal occurs simultaneously with green fluorescence signals that can be observed 

along the probe beam path in the flame with the naked eye. Therefore it is likely that the 

additional signal is the result of a two-color four-wave mixing (FWM) process of a flame 

species, similar to the non-resonant-pump resonant-probe FWM of OH in a previous paper 

[31]. The probe laser at 457 nm is in resonance with a weak line of the C2 Swan band. C2 

generated in the reaction zone gives a weak signal at low HAB. Absorption of the pump lasers 

by the soot in the flame can generate C2 from the soot particles, which accounts for the 

stronger signal in the sooty region of the flame. Although not discussed, similar signals have 

previously been observed in LITGS measurements in sooty flames [21] when the probe laser 

was in resonance with another part of the C2 Swan band.  
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Figure 6. Time-resolved LITGS signals for different HAB in the Φ=2.57 flame. The red curve 

in the figures illustrates the timing of the mid-IR pump laser beams. The C2-FWM signal is 

shown in the inset in the plots.  

 

It can also be seen in Fig. 6 that the decay time and oscillation frequency of the LITGS signals 

change with HAB. Figure 7a shows the oscillation frequency and the decay time vs. HAB in 

the Φ=2.57 C2H4/air flame. Close to the burner, the lower oscillation frequency and longer 

decay time indicates a slower sound speed and thermal diffusion in the gas suggesting 

comparatively low temperatures. Figure 7b shows the temperature at different HAB 

calculated from the oscillation frequency. The calculations assume uniform gas composition 

throughout the probed volume in the flame. The temperature is lower close to the burner and 

close to the stabilizer, whereas in the middle it is quite constant within the measurement 

uncertainties. The qualitative temperature profile is in excellent agreement with those 

measured by other techniques in similar flames [5]. This highlights the potential of LITGS for 

combustion diagnostics. 
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Figure 7: (a) Oscillation frequency and decay time of the LITGS signal at different HAB in 

the Φ=2.57 flame. (b) Flame temperature calculated from the LITGS oscillation frequency at 

different HAB. 

 

 

4. Conclusions 

The application of mid-infrared LITGS to cold flows and flames was demonstrated probing 

strong infrared transitions involving fundamental molecular vibrations. The LITGS signal at 

room temperatures was found to be very sensitive to water in the ambient air. The infrared 

water absorption lines are very weak in the spectral region studied, but could still be detected 

with very good signal-to-noise ratio in the LITGS excitation scans. 

Time-resolved LITGS measurements were performed in lean and rich C2H4/air flames. Clear 

signals could be detected even in sooty flames at Φ=2.57 with minimal interference from 

scattering. The LITGS signal can be recorded both as a temporally resolved signal at one 

wavelength, or the LITGS intensity can be recorded as function of wavelength to yield the 

spectrum. Excitation scans at room temperature show sharp spectral features that agree well 

with the absorption cross section simulations. The spectrum in lean flames shows sharp 

spectral features of hot water. In rich flames, the broad spectral features from hot hydrocarbon 

species dominate the spectrum and result in high signal levels. On the other hand, the 

temporally resolved LITGS signal contains a lot of information offering the potential for 

single-shot multi-parameter measurements. Molecular energy transfer rates, speed of sound, 

and thermal diffusion in the medium can be determined simultaneously and provide 

information about the gas composition and the temperature. In particular, the hydrogen 
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concentration may be measureable as the amount of hydrogen has the strongest effects on the 

gas properties. 

In addition, in the rich flame our approach allowed the observation of a two-color FWM 

signal in the temporally resolved LITGS traces. This occurs from a resonance of the probe 

beam with C2 radicals, causing a non-resonant-pump resonant-probe interaction of the pump 

and probe beams. Consequently, the C2 distribution can be determined without an additional 

experimental effort. 

Overall, our work demonstrates that IR-LITGS is a versatile tool for combustion diagnostics. 

Particularly interesting and promising future applications seem to be in the analysis of sooty 

flames, where established methods often reach their limits due to the presence of soot 

precursors and particles. LITGS may become a true alternative means of diagnostics as the 

soot nuclei and particles can result in characteristic modifications in the signal and thus allow 

additional information to be gained. 
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Abstract 

Laser-induced grating spectroscopy (LIGS) is an experimental method, in which two pulsed 

and a continuous-wave laser beams have to be superimposed under well-defined angles to 

generate a coherent signal beam. In this Note, the possible effects of different forms of 

misalignment are examined. This includes the overlap of the pump lasers as well as the 

influence of the probe laser alignment on the temporal profile of the signal. 
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The laser-induced grating (LIG) method is a versatile analytical technique that allows the 

derivation of a multitude of thermodynamic parameters and thermophysical properties of a 

medium such as a gas or a liquid. For example, the time-resolved LIG signals carry in 

principle information about the temperature,1, 2 the chemical composition,3, 4 the speed of 

sound,5, 6 the thermal diffusivity,7, 8 and the viscosity.9 However, careful alignment is crucial 

in order obtain reliable and reproducible results. In this Note, we analyze how an 

experimental misalignment can affect the LIG signal and what it means for the further 

processing and evaluation of the data. We focus on the effects of the collimation state of the 

beams. For an assessment of the influences of transverse pump beam displacements, see the 

work of Schlamp and coworkers.10 

In a typical LIG experiment, two equally polarized pump laser beams from the same pulsed 

laser source (wavelength λpump) are crossed at an angle, θpump. Consequently, a spatially 

periodic light intensity distribution is generated in the form of a fringe pattern with a 

characteristic spacing  

Λ =
λpump

2 sin�θpump 2⁄ �
 

            (1) 

LIGs are spatially periodic modulations of the complex refractive index evolving from the 

interaction of the radiation field of this pattern with the medium. The main grating formation 

mechanisms are electrostriction and thermalization of absorbed light energy due to collisions, 

which lead to electrostrictive and thermal LIGs, respectively. Electrostriction is the 

deformation of dielectric materials in the presence of an electric field. As a result, a medium 

becomes denser in regions of a high electric field strength. This means that the LIG 

interference pattern is converted into a local modulation of the density and hence a spatially 

periodic modulation of the refractive index. On the other hand, if the molecules in the medium 
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can absorb photons of the pump radiation, i.e. when the laser wavelength is in resonance with 

an electronic or vibrational transition of the molecules, the interference pattern is converted 

into a population grating. Thermalization of the absorbed energy via collisions leads to a 

temperature and thus a density and refractive index modulation. 

The induced density modulation causes two counter-propagating acoustic waves to be 

generated perpendicular to the planes of the fringes. The result is a standing acoustic wave 

that oscillates with a period of Ta =  Λ 𝑐𝑐s⁄  , where cs is the speed of sound of the medium. The 

oscillation decays exponentially as the sound waves leave the interference pattern and/or they 

are attenuated by the viscous sound attenuation of the medium. In the case of thermal LIGs, 

there are two further effects that need to be considered: the time scale of the collisional 

processes and the diffusion of the molecules. The collisions determine how the thermal LIG is 

formed and the diffusion governs its decay. A detailed description of the mechanisms can be 

found in the literature.11-13 

In order to probe the dynamics of such transient LIGs, a third beam from a continuous wave 

laser (wavelength λprobe) is overlapped with the pump beams fulfilling the Bragg condition, 

sin�θprobe� =
λprobe

2 Λ
 

            (2) 

The Bragg diffracted intensity represents the LIG signal and can be detected with high 

temporal resolution using a photomultiplier tube or a fast photo diode.  

A common procedure for aligning the pump beams in a LIG setup is to have them parallel, 

and then focus and cross them with the same lens. If the beams are well collimated before the 

lens, the intersection region can be considered as illustrated in Fig. 1a, as the beam waist of a 

focused Gaussian beam can be approximated as a plane and parallel wave front. The red lines 
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indicate the interference pattern. The blue and green sinusoidal curves illustrate the intensity 

distributions along the vertical solid blue and the dashed green lines. It becomes clear that the 

grating spacing is independent of the location in the grating. In other words, a uniform grating 

is formed. In contrast, when the beams are not perfectly parallel and/or not collimated before 

the lens, the situation illustrated in Fig. 1b is likely. In the intersection region, the pump 

beams are either converging or diverging and, therefore, the wave fronts are no longer plane 

parallel. Since the normal to the wave fronts from the two beams now cross at an angle that 

depends on x and z, the fringe spacing becomes a function of position, which becomes clear 

from Eq. (1). When the probe laser beam is overlapped with such a grating, the detected LIG 

signal will vary depending on where inside the grating the Bragg condition is best fulfilled. 

For completeness, we note that a variation in z-direction can be considered additionally as the 

vertical lines crossing the fringes could be drawn such that they are normal with respect to the 

individual fringes. This would result in a slight curvature of these lines. Since this effect 

appears small compared to the variation of the grating spacing along the x-axis it is neglected 

in the following. A more detailed assessment of the effects in z- and x-direction will be 

looked at in a future project. 

Misalignment effects in the case illustrated in Fig. 1a, i.e. assuming plane wave fronts, were 

studied by Schlamp et al.10 They analyzed the consequences of transverse displacements of 

the pump beams. For this purpose, a theoretical framework was developed and good 

agreement between theory and experiment was found. In the present manuscript, we focus on 

the effects of the collimation state of the beams as shown in Fig. 1b. 
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Fig. 1. Superposition of (a) two perfectly collimated and (b) two slightly diverging beams. 

The dashed green and solid blue sinusoidal lines indicate the intensity distributions along the 

corresponding vertical lines. 

 

In order to highlight the effects, a series of time-resolved LIG signals is displayed in Fig. 2. 

The left diagram of panel (a) shows a simulated and thus artifact-free signal. The first part of 

the signal is dominated by the acoustic signal that manifests as a fast oscillation of the 

intensity. The latter part is governed by thermal diffusion. Therefore, it is straightforward to 

analyze the signal by determining the power spectrum using Fourier transformation (see right 

column diagrams of Fig. 2), and by fitting an exponential function to the decaying part. This 

rather simple procedure can yield information about the speed of sound and hence the 

temperature as well as the thermal diffusivity of the medium. The power spectrum shows a 

single pronounced peak indicating a uniform grating spacing. The signals in the other panels 

were recorded experimentally. Thermal LIGs were generated in a methane/nitrogen gas flow 

using mid-infrared pump radiation (3-4 ns, 5 mJ) at 3015 cm-1 to excite a vibrational Q-

branch transition of methane. A cw laser (457 nm, 330 mW) served as probe laser. All laser 

beams were focused with the same 300-mm focal length lens and had a diameter of about 2 

mm before the lens. 
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Figure 2b shows a LIG signal with only minor artifacts. There are two recurrences of the 

acoustic oscillations, which indicate a slight misalignment. The corresponding power 

spectrum, however, reveals a single peak. This indicates that the pump lasers are overlapped 

well to form a uniform LIG. Note that the probe laser in the experiment had a smaller 

diameter in the focal spot and hence did not probe the entire grating (assuming Gaussian 

beams and taking the above details of the laser beams into account, the beam waist in the 

focal spot of the IR beam is about six times larger than that of the probe beam). Consequently, 

acoustic waves from different regions of the interference pattern approach the probed volume 

and lead to the observed behavior. Nevertheless, it should be noted that deriving the 

oscillation frequency and decay time constant would yield reasonably good results. 

This situation changes drastically in panels c) and d) of Fig. 2. The diagram to the left in Fig. 

2c displays three signals generated with slightly different alignments for which the probe 

beam was moved from its center position by fractions of a millimeter (several times the 

grating spacing, Λ ≈ 31 µm). In the blue and green curves there seems to be a beating between 

acoustic oscillations manifesting as recurring signal. The red curve shows an oscillation that 

slowly decays over an extended period of time. The power spectra of all of these signals (see 

panel c, right diagram) exhibit two or even more peaks. Different regions in the grating are 

characterized by a different grating spacing and hence by different oscillation frequencies of 

the acoustic signal. The frequency determined by the Fourier transform analysis is 

proportional to the speed of sound and hence it has a quadratic relationship with the 

temperature. Therefore, even a small error in the frequency can lead to large uncertainties in 

the derived parameters. Note that considering the situation illustrated in Fig 1b a broadened 

peak in the power spectrum would be expected as the grating spacing increases continuously. 

The experimental data, however, show distinct shoulders and sub-peaks. This is likely 
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because the beams in the experiment are not perfectly Gaussian and consequently the fringe 

pattern does not have a perfectly continuous and regular shape; hence the observed signals. 

For recording the two LIG signals shown in Fig. 2d, the probe laser beam was positioned at 

the edges of the interference pattern. In particular, the red signal reveals a kind of short delay 

before the strong oscillations start. The initial weak signal (shown enlarged) is likely due to 

the local acoustic wave while the stronger signals arise when the acoustic waves from other 

regions in the interference pattern arrive at the probed volume. Moreover, the stationary 

thermal grating, which normally governs the slowly decaying contribution to the signal, 

appears to be absent. This indicates that the local thermal grating is not very distinct and the 

thermal diffusivity leads to a rapid dilution and cooling of the hot molecules before they 

arrive at the probed location. The hypothesis that the signal is dominated by the acoustic 

contribution is also supported by the enhanced peaks, which appear at the doubled frequency 

in the power spectrum.14  
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Fig. 2. Time-resolved LITGS signals (left column) over a period of 5 µs and their 

corresponding power spectra obtained by Fourier transformation (right column). (a) simulated 

signal, (b) slightly misaligned beams, (c) strongly misaligned beams, (d) probe beam crosses 

edge of LIG volume. 
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In conclusion, we have shown how minor and major misalignment in a laser-induced grating 

experiment can affect the signals and it was discussed what this means for the most common 

forms of data analysis. Common sources of artifacts in the signal are the crossing angle, the 

position, and the collimation of the pump beams. We focused on the latter as the collimation 

effects can significantly bias the parameters to be measured, while Schlamp et al.10 found that 

transverse displacements of the pump beams have minor influence. However, such 

displacement effects may become crucial when the pump beams are not collimated in their 

intersection region. In the measurement volume, the beams should be quasi-collimated with a 

plane wave front. In the following, some recommendations are given for aligning a LITGS 

experiment: 

• The beam profile of the pump beams should be well-defined, i.e. Gaussian. Depending 

on the profile provided by the laser source, it can be beneficial to cut the edges of the 

pump beams using an aperture in order to obtain an appropriate interference pattern. 

The resulting reduced signal intensity is normally outweighed by a significantly 

improved quality of the signal characteristics. However, producing a top-hat profile 

may result in high-order spatial modes, which could cause undesirable interference. 

• When focused by the same lens, the pump beams should be parallel and collimated 

before the lens. This ensures that the beams cross each other with their minimal beam 

waist in the focal spot, where the wave front can be assumed plane and parallel.  

• The path difference of the pump beams from the laser to the focusing lens should be 

identical. This enables the coherent superposition of the beams within the coherence 

length. This is particularly crucial when broad bandwidth lasers are used.15, 16 

• The probe laser should cross the LIG fulfilling the first-order Bragg condition. This 

maximizes the signal intensity. 
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• Ideally, the probe laser should exhibit the same beam waist diameter in the 

measurement volume in order to obtain an optimal diffraction. A theoretical 

assessment of geometrical effects can be found in the work of Siegman.17 When the 

pump and probe lasers have different wavelengths but should be focused by the same 

lens, chromatic aberration effects must be compensated by adjusting the collimation 

state. 

• When the probe laser diameter is small compared to the interference pattern created by 

the pump beams, it should cross the LIG in the center rather than the edges in order to 

avoid artifacts in the signal traces. 

Ongoing research in our lab includes the development of a comprehensive theoretical 

framework to predict misalignment effects and to identify them quantitatively in experimental 

LIGS signals. 
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Mid-infrared polarization spectroscopy measurements of species concentrations and 
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Abstract 

We demonstrate non-intrusive in situ detection of CH4, C2H2 and C2H6 in low pressure rich 

dimethyl ether/oxygen /argon flat flames using mid-infrared polarization spectroscopy (IRPS) by 

probing the fundamental asymmetric C-H stretching vibration bands in the respective molecules. 

The flames were stabilized on a McKenna-type porous plug burner hosted in a low pressure 

chamber. The flame temperature at different height above the burner (HAB) was measured from 

the line ratio of H2O lines recorded using IRPS. Quantitative measurements of CH4 mole fractions 

at different HAB in the flame were realized by a calibration measurement in a low pressure gas 

flow of N2 with a small admixture of CH4. A comprehensive study of the collision effects on the 

IRPS signal was performed in order to quantify the flame measurement. The concentration and 

temperature measurements were found to agree well with simulations using Chemkin. These 

measurements prove the potential of IRPS as a sensitive, non-intrusive, in situ technique in low 

pressure flames.  

Keywords: mid-infrared polarization spectroscopy, low pressure flame, dimethyl ether, methane, 

quantitative concentrations, temperature 
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Introduction 

Low pressure laminar flames have been widely employed for the investigation of the combustion 

chemistry of different fuels [1]. The distribution of different combustion intermediate species, as 

the key information, is commonly measured with probing techniques, such as molecular beam mass 

spectroscopy (MBMS) (see e.g. [2-4]).  

Dimethyl ether (DME) has been widely studied as a potential alternative fuel to diesel and 

biodiesel, see e.g. [4-7]. A detailed study of DME/O2/Ar flames at several different flame 

conditions using MBMS was recently performed by Wang et al. [3]. While MBMS is useful for 

studying many species at the same time, it is also an intrusive probing technique, which may affect 

the flame chemistry [8]. It is therefore of crucial importance to develop nonintrusive optical 

techniques for concentration measurements in low pressure flames. 

Polarization spectroscopy (PS) was first demonstrated by Wieman and Hänsch [9] in 1976 as a 

spatially resolved Doppler-free laser technique. Since then, it has been widely applied for 

combustion diagnostics. The PS technique combines many of the merits of laser diagnostics, such 

as high spatial resolution, in situ detection, species selectivity and non-intrusive detection. PS has 

been applied in combustion environments to detect for example OH [10-12], C2 [13] and NO [14].  

Infrared polarization spectroscopy (IRPS) is a sensitive, nonlinear laser technique that is useful for 

studies of molecular species that lack easily accessible electronic transitions. Specifically, many 

important hydrocarbon species can be studied through the asymmetric C-H vibration bands around 

3 μm. IRPS has been applied in combustion research to detect e.g. H2O [15, 16], CO2 [15], CH4 

[17, 18] and HCl [19], and has been applied in low pressure flames for measurements of OH [16] 

and CH4 and C2H2 [20]. Sun et al. recently demonstrated quantitative measurements of C2H2 [21] 
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and HCN [22] concentrations in atmospheric pressure flames using IRPS. Flame temperature 

measurements using the line ratio of hot H2O lines around 3.1 μm measured by infrared degenerate 

four-wave mixing (IR-DFWM) was recently demonstrated in atmospheric pressure flames [23].  

This paper investigates IRPS as a tool for both temperature and quantitative concentration 

measurements of combustion intermediates in low pressure flames. The flame studied here is a rich 

DME/O2/Ar flame (Φ=1.87) at 37 mbar. The flame temperature was measured from the recorded 

line ratio of hot H2O lines in the flame, using a method similar to the one presented by Sun et al. 

[23] but with a direct calibration. Spectral lines from CH4, C2H2 and C2H6 were identified in the 

IRPS excitation scans through comparison with the HITRAN [24] and HITEMP [25] databases. 

Quantitative CH4 mole fractions were calculated from the IRPS signal at different height above the 

burner (HAB) using a calibration measurement in a low pressure N2 gas flow carrying trace amount 

of CH4 of known concentration. The influence of changes in temperature, pressure and buffer gas 

on the IRPS signal was investigated in order to improve the accuracy in the flame measurements. 

The measured temperature and CH4 mole fractions were compared with simulations from Chemkin 

[26] using the reaction mechanism for DME presented by Zhao et al. [27], and the measurements 

agree well with the simulations within the limits of measurement uncertainties.  

Theory 

The theory of PS has been extensively presented before (see for example [28-30]). In a PS 

experiment, a weak probe beam and a strong pump beam are crossed in the detection volume. The 

probe beam is linearly polarized, while the pump beam is either circularly polarized, or linearly 

polarized at a 45° angle to the probe beam polarization. The probe beam is aligned through two 

crossed polarizers, which effectively block the probe beam. The pump beam is aligned to cross the 

probe beam between the polarizers. When the laser is resonant with an absorption line of a selected 
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molecular species in the measurement volume, the absorption of the strong pump beam introduces 

a birefringence for the probe beam in the detected gases. The polarization of the linearly polarized 

probe beam will thus change when passing through the sample, which means part of the probe 

beam can pass through the second polarizer, forming the PS  signal.  

An empirical method for quantitative concentration measurements using IRPS has been described 

in [21, 22]. Assuming an optically thin sample, saturating laser energies, and ignoring the leakage 

of laser light through the crossed polarizers, the line-integrated IRPS signal I can be written as  

𝐼𝐼 ∝ 𝑁𝑁02𝜎𝜎2𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜁𝜁𝐽𝐽𝐽𝐽′
2 𝑔𝑔𝑔𝑔 

(1) 

where N0 is the ground state population of the molecules, σ is the absorption cross-section of the 

transition defined for a single molecule, Ilaser is the laser intensity, g is a parameter accounting for 

the spectral overlap between laser profile and the absorption profile of the molecular line and c is 

a parameter accounting for the collision effects under different conditions (temperatures, pressures 

and buffer gases). ζJJ’ is a geometry factor of the pumped transition, which depends on the pump 

beam polarization and the rotational quantum number J of the upper and lower states. A linearly 

polarized pump beam will enhance the Q-branch lines of the probed molecular species while 

suppressing the P- and R-branch lines, and a circularly polarized pump beam will enhance the P- 

and R-branch lines, while suppressing the Q-branch lines [28, 29].  

The mole fraction f2 of a species in a flame can be calculated from the IRPS signal as [21, 22] 

𝑓𝑓2 = 𝑓𝑓1 ⋅
𝑇𝑇2
𝑇𝑇1
⋅
𝜎𝜎1
𝜎𝜎2
⋅ �
𝑔𝑔1
𝑔𝑔2
�
1
2
⋅ �
𝑔𝑔1
𝑔𝑔2
�
1
2
⋅ �
𝐼𝐼2
𝐼𝐼1
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1
2
 

(2) 
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where f1 is the mole fraction in the calibration measurement, σ is the simulated absorption cross-

section using data from the HITRAN database and T is the temperature. The subscripts indicate the 

parameter for the calibration measurement (1) and the flame measurement (2), respectively. The 

factors g1/g2 and c1/c2 can be determined from a calibration of the signal dependence on 

temperature.  

As the experimental equipment used in these measurements did not have a heating device inside 

the low pressure chamber, the investigation of the IRPS signal change with temperature was 

performed at atmospheric pressure. Assuming the same gas composition, the collision broadening 

of a spectral line with pressure and temperature can be approximated as [31, 32] 

Δ𝜈𝜈𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙(𝑝𝑝,𝑇𝑇) =  Δ𝜈𝜈𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙(𝑝𝑝0,𝑇𝑇0) ⋅
𝑃𝑃
𝑃𝑃0
⋅ �
𝑇𝑇0
𝑇𝑇
�
0.7

 

(3) 

where Δvcoll(p0,T0) is the collision broadening at the reference temperature T0 and pressure p0. 

Based on this, it was assumed that the pressure and temperature effects on the spectral line width 

of the IRPS signal could be considered separately. Moreover, it has been shown before that the 

collisional quenching effect on the IRPS signals is smaller at low pressures [20, 33]. 

Experiment 

IRPS setup 

The laser system used in these experiments has been described in detail by Li et al. [17] and only 

a brief description is presented here. The second harmonic of an injection seeded Nd:YAG laser 

(Spectra Physics, PRO 290-10) was used to pump a dye laser (Sirah, PRSC-D-18), giving tunable 

laser light around 800 nm. The dye laser light was then frequency mixed in a LiNbO3 crystal with 
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part of the residual 1064 nm output from the Nd:YAG laser. This light was further amplified in 

another LiNbO3 crystal, to provide mid-infrared laser light tunable from 2900 cm-1 to ~3400 cm-1 

with pulse energies around 4-5 mJ. The line width of the final mid-infrared output has been 

measured to be 0.025 cm−1 [15].  

  

Figure 1: Schematic of the experimental setup. M: mirror, L: CaF2 lens, BS: CaF2 window beam 

splitter, DM: dichroic mirror, WP: λ/4 or λ/2 waveplate, P: YVO4 Glan laser polarizer, BD: beam 

dump, D: InSb detector. The photograph shows the DME/O2/Ar flame (Φ=1.87) at 37 mbar.  

 

Figure 1 shows a schematic of the experimental setup. This experiment used co-propagating pump 

and probe beams. A telescope was used to collimate the mid-infrared laser beam. The reflection 

from a CaF2 window was sent to a power meter to monitor the laser energy during the scan. To 

facilitate alignment, the mid-infrared beam was overlapped with a HeNe laser beam. Part of the 

residual dye laser beam after the frequency mixing was directed to a wavemeter (HighFinesse, 

WS/6 High Precision – UV), to monitor the laser wavelength during the scans.  

The probe beam was generated by a 7 % reflection from a CaF2 window, and the rest of the laser 

beam was used as a pump beam. The pump beam was passed through either a λ/4 or a λ/2 wave 

plate to generate a circularly or linearly polarized pump beam. For probing the R-branch lines in 
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CH4 and C2H2, a circularly polarized pump beam was used, while a linearly polarized pump beam 

was used for probing the Q-branch lines in C2H6. The pump and probe beams were crossed with 

~4° angle in the center of the low pressure flame. An f=750 mm CaF2 lens was used to focus the 

pump and probe beams over the burner. The size of the interaction region was estimated to be 

0.5x0.5x10 mm. The vertical position of the burner could be adjusted in order to probe different 

HAB in the flame. Two YVO4 infrared polarizers aligned at cross angles were placed in the probe 

beam path before and after the flame. To avoid interference from birefringence in the windows of 

the chamber, the polarizers were placed inside the low pressure chamber, in two specially designed 

side-chambers [20]. After the burner, the pump beam was directed to a beam dump. The probe 

beam passed through the second polarizer and was collimated with an f=1000 mm CaF2 lens and 

directed to the liquid nitrogen cooled InSb detector (Judson technologies, J10D-M204-R04M-60).  

The flow speeds of the gases to the chamber were controlled using mass flow controllers. Nitrogen 

was flushed into the side-chambers to prevent water vapor from condensing on the windows and 

the surfaces of the polarizers.  

Flame  

The flame used in these experiments was a rich low pressure DME/O2/Ar flame stabilized on a 

McKenna-type porous plug burner. The equivalence ratio, Φ, of the flame was 1.87 and the 

DME/O2/Ar mole fractions were set to 0.286/0.459/0.255. The cold gas flow speed was 62.9 cm/s 

and the pressure was kept at 37 mbar.  

The flame composition was simulated with Chemkin [26] using the reaction mechanism for 

dimethyl ether developed by Zhao et al. [27]. A similar low pressure DME/O2/Ar flame, with the 

same DME/O2/Ar mole fractions but with Φ=1.86, pressure 33.3 mbar and cold gas flow speed 
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77.1 cm/s, has been studied with MBMS by Wang et al. [3]. Figure 2 shows the simulated mole 

fractions of CH4, C2H2 and C2H6 at different HAB in the flame, compared with the measured mole 

fractions from Ref. [3]. Please note that the flame conditions in this study and in Ref. [3] are not 

identical, which can account for some of the differences between simulation and measurement.  

 

Figure 2: The mole fraction of CH4, C2H2 and C2H6 in the low pressure DME/O2/Ar flame 

simulated by Chemkin using the mechanism from [27], compared with MBMS measurement of the 

mole fractions in a similar DME/O2/Ar flame from Ref. [3].  

Measurements 

Temperature 

Temperature is one of the most important parameters in combustion diagnostics. Several laser 

techniques have been developed for non-intrusive, in situ measurements of flame temperatures, 

including coherent anti-Stokes Raman scattering [34], laser-induced fluorescence [35, 36], two-

line atomic fluorescence [32, 37], laser-induced grating spectroscopy [38, 39] and degenerate four-

wave mixing [40, 41]. However, an accurate and precise measurement of flame temperature in low 

pressure flames is still a challenging task.  
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Sun et al. recently proposed a measurement technique where the line ratio of two hot H2O lines in 

the mid-infrared spectral region, measured with IR-DFWM, was used to calculate the flame 

temperature [23]. The H2O spectral lines were chosen because they possessed a lower state energy 

difference sensitive to flame temperature changes, were relatively free from spectral interference 

and had negligible line strength at room temperature, which is important to avoid interference from 

laser absorption in the ambient air. Due to the similarity of the IRPS technique and the IR-DFWM 

technique, the same method was adopted here to measure the flame temperature at different height 

above the burner (HAB) in the flame using the line ratio of hot H2O lines recorded with IRPS.  

Figure 3 shows IRPS excitation scans over three H2O line groups at 2 mm and 10 mm HAB in the 

flame, respectively. Each scan is an average of 10 consecutive measurements. The IRPS intensity 

ratio of the line at 3230.98 cm-1 (1) to the line at 3231.33 cm-1 (2) is rather different at the different 

HAB, which shows the potential for a sensitive measurement of the temperature in the flame.  

Also shown in Fig. 3 are simulations of the IRPS signal of H2O using data from HITEMP 2010 

database [25] and from the older HITEMP 2000 version of the database. As was shown by Sun et 

al. [23] the HITEMP 2000 database seems to better reproduce the measured IRPS signals of lines 

1 and 2, in terms of the line width of line 2. The line data for the transitions in lines 1 and 2 in the 

HITEMP 2010 and 2000 databases are summarized in Table 1.  

It is clear in Fig. 3 that there are substantial differences between the measured and simulated H2O 

spectrum in this spectral region. Like DFWM, simulations of the IRPS signal of closely spaced 

transitions are very sensitive to the accurate line positions of the involved transitions [42, 43]. 

Uncertainty in the accuracy of the line positions of the transitions in HITEMP could be the reason 

for the difference between the measurement and the simulations. 
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Figure 3: IRPS excitation scan of H2O lines in the flame at (a) 2 mm HAB and (b) 10 mm HAB. 

Each scan is an average of 10 consecutive scans. The scans are compared with simulations of the 

IRPS signal at 1256 or 2202 K using data from the HITEMP 2010 and HITEMP 2000 databases. 

The red bars in the simulations indicate the separate transitions in the simulation data. Line data 

for the transitions are shown in Table 1.  

Table 1: Line data for the H2O transitions for lines 1 and 2 at 1000 K from HITEMP 2010a and 2000b 

Line 
Wavenumber 

/cm-1 
 

S @ 296 K 

�
cm−1

molec ⋅ cm−2� 

Lower 
state  

energy 
/cm-1 

Upper 
vibrational 

level 

Lower 
vibrational 

level 

Upper 
rotational 

level 

Lower 
rotational 

level 

1 
a3230.9830 
b3230.9861 

1.672⋅10-21 
7.770⋅10-22 

1789.0428 
1789.0410 1 0 0 0 0 0 7 7 1 8 8 0 

1 
a3230.9833 
b3230.9861 

4.970⋅10-21 
2.331⋅10-21 

1789.0428 
1789.0410 1 0 0 0 0 0 7 7 0 8 8 1 

2 
a3231.3206 
b3231.2905 

5.866⋅10-22 
1.150⋅10-21 

5035.1265 
5035.1040 0 0 1 0 0 0 17 8 10 18 8 11 

2 
a3231.3316 
b3231.3328 

1.423⋅10-22 
3.807⋅10-22 

5713.2500 
5713.3230 0 0 1 0 0 0 23 0 23 24 0 24 

2 
a3231.3316 
b3231.3368 

4.277⋅10-22 
1.145⋅10-21 

5713.2500 
5713.3230 0 0 1 0 0 0 23 1 23 24 1 24 
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In order to calibrate the H2O line ratio to flame temperatures, IRPS measurements of the H2O lines 

were performed in the product zone of low pressure CH4/O2/N2 flames with Φ=1.16, 1.42 and 1.68 

at 50 mbar. The temperature in the same flames has been measured by Borggren et al. [32] using 

the two-line atomic fluorescence (TLAF) technique. Recording the line ratio in these flames gives 

a calibration for the H2O line ratio at different temperatures. The flame conditions and the 

calibration data are shown in Table 2. The simulated line ratio at 1000 K using data from the 

HITEMP 2000 database was also used as a calibration point, as the agreement between simulation 

and measurement is reasonably good at this temperature. A polynomial fit was used to extrapolate 

the calibration curve between 1000 and 2600 K.  

Table 2: Flame conditions for the CH4/O2/N2 flames used for the calibration of the H2O line ratio 

vs. temperature.  

Φ  CH4/O2/N2  
mole fractions 

Flame temperature at  
7 mm HAB [32] 

Ratio of the line-integrated IRPS signal 
for H2O line 1 to line 2 

1.16 0.207/0.351/0.442 2150 0.655 
1.42 0.261/0.365/0.374 2350 0.433 
1.68 0.378/0.454/0.168 2550 0.354 

 

Figure 4 (a) shows the calibration curve for the line-integrated H2O line ratio vs. temperature. The 

squares show the calibration points of the line ratio vs. temperature measured in the low pressure 

CH4/O2/N2 flames and from the simulation at 1000 K. The blue line shows a polynomial fit to the 

calibration points. The red curve shows the simulated line ratio using data from HITEMP 2010, 

and the green curve shows the line ratio from HITEMP 2000. It is clear that if the simulated line 

ratio is used, the flame temperature can be underestimated by >500 K.  
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Figure 4: (a) Calibration curve of the line-integrated IRPS signal ratio of the H2O lines, compared 

with simulations of the line ratio using data from HITEMP 2010 and 2000. (b) The temperature at 

different HAB measured by the H2O line ratio (squares) and simulated from Chemkin (solid line). 

The error bars are the standard deviation of 10 separate measurements.  

Figure 4 (b) shows the temperature estimated from the measured H2O line ratio at different HAB. 

The line ratio was estimated by integrating the IRPS signal over the line profile and calculating the 

ratio of the integrated signal of the two lines. Using the calibration curve in Fig. 4 (a), the line ratio 

can then be matched to a temperature value. Each measurement point in Fig. 4 (b) is an average of 

the line ratio estimated from 10 different measurements at the same HAB, and the error bars show 

the standard deviation of the estimated temperatures from each measurement. A total uncertainty 

of ±100 K was estimated for the evaluated temperature, accounting for both the standard deviation 

of the measurements and the uncertainty in the calibration curve.  

The measurements are compared with a Chemkin simulation of the adiabatic flame temperature. 

The simulated and measured temperature values agree reasonably well. The lower measured flame 

temperature is probably due to heat losses in the flame to the burner and the ambient air, which 

was not accounted for in the simulation.  
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Detection of intermediate hydrocarbon species 

IRPS has previously been applied for species detection in low pressure flames [16, 20]. Shown in 

Figure 5 are IRPS excitation scans recorded at different HAB in the flame and in different spectral 

regions. Simulations of the IRPS signal based on the data extracted from the HITRAN and 

HITEMP databases are used in order to identify spectral lines in the measured spectra. The 

simulations are calculated according to Eq. 1, but without accounting for collisions, spectral 

overlap or laser intensity fluctuations. The relative intensities of the simulations were adjusted to 

the best fit to the measurements. It should be noted that the data from HITRAN is not always 

complete at high temperatures [44-47].  

Figure 5 (a) shows an IRPS excitation scan at 2 mm HAB. By comparing the measurement with 

the simulation, the R(13)-R(15) lines of the v3 band of CH4 can be identified in the spectrum, along 

with several H2O lines. Due to the symmetry fine structure, each R-branch line is split into several 

lines [48-50].  

Figure 5 (b) shows an IRPS excitation scan at 1.5 mm HAB. In this spectral region, several C2H2 

lines are identified including the R(15)-R(17) lines from the v3 band, the R(21)-R(23) lines from 

the v2+(v4+v5)0 band and the R(19) line of the v2+v4
1-v4

1 hot band of C2H2. The y-axis scale in the 

figure is zoomed in in order to better highlight the weaker C2H2 lines in the spectrum. The strong 

water lines in the scan are thus chunked in the figure.  
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Figure 5: IRPS excitation scans in different wavelength intervals at (a) 2 mm HAB, (b) 1.5 mm 

HAB and (c) 1 mm HAB. Comparison with simulations using data from the HITRAN and HITEMP 

databases allows for identification of CH4, C2H2 and C2H6 lines in the measured spectra. 

 

Figure 5 (c) shows an IRPS excitation scan at 1 mm HAB. In this spectrum, a linearly polarized 

pump beam was used in order to enhance the Q-branch lines in the C2H6 spectrum. The PQ2-RQ1 

lines of the v7 band of C2H6 are identified in the spectrum by comparison with the simulation. The 

HITRAN database line list for C2H6 is not complete in this spectral region, containing only data 
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for the high intensity Q-branches of the v7 band [24]. The absorption spectra of C2H6 in this spectral 

range has been investigated at room temperature [51] and elevated temperatures [44, 46, 47], 

showing the existence of several P- and R-branch transitions between the Q-branches. These 

transitions can probably account for many of the unidentified lines in the IRPS spectrum in Fig. 5 

(c). The spectrum also contains signals from the P(4) and P(3) CH4 lines. Using a linearly polarized 

pump beam suppresses the strength of P- and R-branch lines. The CH4 lines are weak in this 

spectrum compared to Fig. 5 (a), and there are no H2O lines visible in this spectral range.  

 

Quantitative methane concentration measurement 

In this paper, the R(13) line of the v3 band of CH4 was used for quantitative measurements of the 

CH4 mole fraction in the flame. The R(13) line consists of several transitions due to the symmetry 

fine structure [48-50]. Table 3 shows the line data from the HITRAN database for the seven 

transitions forming the first peak at 3148.8 cm-1 within the R(13) line. Line notations from 

HITRAN are used for the vibrational and rotational levels.  

The mole fraction f2 of a species in the flame can be determined from Eq. 2, by comparison with a 

calibration measurement performed at room temperature in a gas flow with known concentration 

[21, 22]. To relate the calibration measurement to the flame measurement, the changes in collision 

factors c and spectral overlap factor g with temperature have to be investigated.  

First, the IRPS signal change with temperature was investigated in atmospheric pressure gas flows 

of N2 with small admixtures of CH4. The flows were heated in a T-shaped glass tube surrounded 

by electric heating wire. The concentration of CH4 in the N2 gas flow was kept at ~1000 ppm. The 

scan was performed over the R(13) line of the v3 band of CH4.  
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Table 3: Line notations for the symmetry fine structure transitions of the seven transitions forming 

the symmetry fine structure peak at 3148.8 cm-1 of the R(13) line of the v3 band of CH4.  

Wavenumber 
/cm-1 

 

S @ 296 K 

�
cm−1

molec ⋅ cm−2� 

E  
/cm-1 

 

Upper  
vibrational  

level 

Lower  
vibrational  

level  

Upper  
rotational 

level  

Lower  
rotational 

level  
3148.7839 1.017⋅10-20 950.3850 0 0 1 0 1F2' 0 0 0 0 1A1' 14A1 17 13A2 1 
3148.8110 4.597⋅10-21 950.5222 0 0 1 0 1F2' 0 0 0 0 1A1' 14F2 52 13F1 4 
3148.8135 3.747⋅10-21 950.5049 0 0 1 0 1F2' 0 0 0 0 1A1' 14E 34 13E 2 
3148.8214 2.685⋅10-21 950.3048 0 0 1 0 1F2' 0 0 0 0 1A1' 14F2 49 13F1 3 
3148.8237 5.224⋅10-21 950.3368 0 0 1 0 1F2' 0 0 0 0 1A1' 14F1 47 13F2 2 
3148.8299 5.522⋅10-21 950.4872 0 0 1 0 1F2' 0 0 0 0 1A1' 14F1 49 13F2 3 
3148.8581 2.744⋅10-21 950.3048 0 0 1 0 1F2' 0 0 0 0 1A1' 14F2 50 13F1 3 

 

Figure 6 (a) shows the spectral line width of the IRPS signal of the CH4 R(13) line recorded at 

different temperatures. Figure 6 (b) shows the IRPS signal recorded at 653 K. The symmetry fine 

structure is partially resolved in the scan. The red bars show the relative line strength at 653 K of 

the individual transitions, taken from the HITRAN database. The line width displayed in Fig. 6 (a) 

was defined as the full width at half maximum (FWHM) for the peak at 3148.8 cm-1, as illustrated 

in Fig. 6 (b). The uncertainty of the measured FWHM was estimated to be ±0.01 cm-1, which is 

illustrated by the error bars. The solid line is a polynomial fit to the measurements. As the measured 

line consists of several transitions from the symmetry fine structure, the FWHM is larger than for 

a single line, and the temperature dependence on the line width does not exactly follow the 

predicted behavior from Eq. 3.  
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Figure 6: (a) The FWHM of the IRPS signal of the R(13) line of CH4 as a function of temperature. 

The measurements were performed in atmospheric pressure gas flows of N2 with ~1000 ppm of 

CH4 admixed. The solid line is a polynomial fit to the measurements. (b) IRPS excitation scan of 

the R(13) line of CH4 at 653 K. The FWHM is defined in the figure. The red bars show the relative 

line strength at 653 K of the individual transitions taken from the HITRAN database.  

Next, the pressure dependence of the IRPS signal of the R(13) line at room temperature was 

investigated. Figure 7 (a) shows the FWHM of the recorded IRPS signal as a function of pressure. 

The solid line is a linear polynomial fit to the measurements, showing that the FWHM at 37 mbar 

is ~38 % lower than at atmospheric pressure. The deviation from the 𝑝𝑝 𝑝𝑝0⁄  dependence expected 

from Eq. 3 is probably again due to the fact that the measured line is not a single line, but a 

combination of several closely spaced transitions.  

According to Eq. 3, the pressure and temperature effects on the collision width of a spectral line 

can be considered as separate effects. This means that the temperature dependence of the FWHM 

at 37 mbar should follow the same curve as the one at atmospheric pressure displayed in Fig. 6 (a), 

except with a lower FWHM due to the lower pressure, as shown in Fig. 7 (a). Figure 7 (b) shows 

the estimated FWHM of the IRPS signals at 37 mbar as a function of the temperatures. The FWHM 
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of the R(13) line at three HAB in the flame were also included to complete the analysis. At flame 

temperatures, the FWHM of the signal seems to be constant within the measurement uncertainty.  

 

Figure 7: (a) The FWHM of the IRPS signal of the R(13) line of CH4 as a function of pressure. The 

solid line is a linear polynomial fit to the measurements. (b) The FWHM of the IRPS signal at 37 

mbar as a function of pressure, estimated from the temperature dependence in Fig. 6 (a) and the 

pressure dependence in Fig. 7 (a). The three points above 1200 K were the FWHM retrieved from 

IRPS signals of the R(13) line at different HAB in the low pressure flame. The solid line is a 

polynomial fit to the measurements. 

The Doppler width of the R(13) line of CH4 can be calculated as Δ𝜈𝜈𝐷𝐷 = 𝜈𝜈0 ⋅ �8 ln(2)𝑘𝑘𝑇𝑇 𝑚𝑚𝑔𝑔2⁄ , 

where ν0 is 3148.8 cm-1, k is the Boltzmann constant, T is the temperature, m is the mass of a CH4 

molecule and c is the speed of light in vacuum. The laser line shape is characterized by a Gaussian 

with FWHM 0.025 cm-1 [15, 21, 22], and the collisional line width at different temperatures was 

estimated from Fig. 7 (b). The IRPS signal intensity was then simulated at room temperature and 

flame temperature by convoluting the laser line profile with the estimated molecular absorption 

profile. From these calculations, the spectral overlap factors in the calibration gas and the flame 

was estimated to be g1/g2≈0.88 at 37 mbar.  
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At low pressures, the IRPS signal is expected to be less sensitive to the collision environment [20, 

33, 52]. To test this, the IRPS signal for the R(13) line of CH4 was recorded in three different buffer 

gases (Ar, N2 and CO2) at atmospheric pressure and at 37 mbar. Figure 8 shows the line-integrated 

IRPS signal in the different buffer gases at (a) atmospheric pressure and (b) 37 mbar. The 

concentration of CH4 in the gas flows was 2200 ppm at atmospheric pressure and 15000 ppm at 37 

mbar.  

 

Figure 8: The relative line-integrated IRPS signal of the CH4 R(13) line in the different buffer gases 

at (a) atmospheric pressure and (b) 37 mbar. The signals are normalized to the measurement in 

Ar.  

 

Table 4: The average time between collisions in a N2 gas mixture at different temperatures and 

pressures.  

Temperature 
Pressure 296 K 1000 K 1500 K 2000 K 

1 atm 0.14 ns 0.25 ns 0.31 ns 0.35 ns 
37 mbar 3.7 ns 6.8 ns 8.4 ns 9.6 ns 
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It is clear from Fig. 8 that the IRPS signal intensity is only weakly dependent on the collision 

environment at 37 mbar. The average time between collisions in an ideal gas can be calculated 

from the temperature, pressure, the mean molecular weight and the mean diameter of the molecules 

in the gas [53]. Table 4 shows the calculated average time between collisions in a N2 gas at different 

temperatures, both at atmospheric pressure and at 37 mbar. Based on the calculated collision times 

and the buffer gas measurements, we assume the signal dependence on changes in the collision 

environment due to different temperature will be negligible at 37 mbar, and that there is only a 

small difference in the collisional quenching between a low pressure gas flow and a low pressure 

flame. Therefore, we estimate the ratio of the collisional quenching factor c in the calibration gas 

and in the flame to be c1/c2≈1 at 37 mbar. An uncertainty of 10% was estimated for the factors g1/g2 

and c1/c2.  

The line-integrated IRPS signal for the R(13) line in CH4 was recorded at different HAB. The signal 

is shown in Fig. 9 (a) compared with the simulated absorption cross-section σ(T) at each HAB, 

which was extracted from the HITRAN database. The temperature from Fig. 4 (b) was used in the 

calculation of σ(T). To perform quantitative CH4 concentration measurements, the IRPS signal was 

recorded in a 37 mbar N2 calibration flow with 12400 ppm CH4 admixed. The mole fraction of 

CH4 in the flame was then calculated using Eq. 2. The g1/g2 and c1/c2 factors were taken as 

estimated before in the calculation.  

Figure 9 (b) shows the measured CH4 mole fraction vs. HAB compared with the simulation from 

Chemkin, as well as with the CH4 mole fractions measured in a similar low pressure DME/O2/Ar 

flames by Wang et al. [3]. The error bars are a combination of the estimated uncertainty in 

temperature, absorption cross-section, g1/g2 and c1/c2 factors and the standard deviation of the IRPS 

signal. As has been shown before [21, 22], the largest contribution to the error bars comes from the 
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temperature uncertainty, since the temperature is also used to calculate the absorption cross-section. 

The measured mole fraction corresponds reasonably well with the simulation within the 

measurement uncertainty. At lower HAB, the difference between the measurement and simulation 

increases. Further studies are needed to determine the cause of this difference.  

 

Figure 9: (a) The measured IRPS line-integrated signal intensity at each HAB, compared with the 

simulated absorption cross-section σ(T) at each HAB. (b) The measured and simulated CH4 mole 

fraction as a function of the HAB in the flame, compared with the CH4 mole fractions from Wang 

et al. [3]. The error bars reflect the uncertainty in temperature, g1/g2 and c1/c2 factors and the 

IRPS signal uncertainty.  

Summary 

We have demonstrated IRPS as a technique for temperature measurements, species detection and 

quantitative species concentration measurements in low pressure flames. Temperature 

measurements at different HAB were performed using the relative line integrated IRPS signal ratio 

of two H2O lines. The line ratio of the measured H2O lines has previously been shown to be very 

sensitive to temperature changes in the range 1000-2000 K [23]. The technique shows great 

promise for non-intrusive temperature measurements in low pressure flames. Future work is needed 
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to acquire a more accurate calibration for the line ratio vs. temperature, and to investigate how this 

changes under different pressures. Using a single-mode laser could greatly improve the IRPS signal 

stability [54]. 

C2H2, CH4 and C2H6 spectral lines were identified in IRPS excitation scans by comparison with 

the simulations using data from the HITRAN database. For the C2H6 detection, a linearly polarized 

pump beam was used to emphasize the Q-branch lines. This was also useful to suppress H2O lines 

in this spectral region. The measurements illustrate the potential of IRPS for non-intrusive detection 

of combustion intermediate species in low pressure laminar flames.  

Quantitative measurements of CH4 mole fractions at different HAB in the flame were measured by 

using the method presented by Sun et al. [21, 22]. The IRPS signal dependence on temperature, 

pressure and buffer gas environment was investigated in order to improve the accuracy of the 

calibration. The temperature measured by H2O line ratio mentioned above was used for simulations 

of the absorption cross-section of the R(13) line of the v3 band of CH4 using data from HITRAN. 

By recording the IRPS signal of the R(13) line of CH4 diluted in different buffer gases (N2, Ar and 

CO2), it was found that the IRPS signal is relatively insensitive to the collision environment at 37 

mbar compared to atmospheric pressure. The factors g1/g2 and c1/c2 that correct for the changes in 

collision and spectral overlap between the room temperature calibration flow and the flame 

measurements were found to be almost negligible at 37 mbar. This indicates the potential for easier 

quantitative measurements of concentrations of species in low pressure flames, since the 

investigation of the signal change with temperature is not necessary. The main uncertainty in the 

measured mole fractions comes from the temperature uncertainty, since that plays a role in the 

simulated absorption cross-section as well as for the temperature dependence of the signal. A 
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precise and accurate method for temperature measurements would greatly improve the accuracy of 

the quantitative concentration measurements with IRPS.  
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