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Abstract 

This doctoral thesis presents the development and application of spatiotemporal 

coherent anti-Stokes Raman scattering (CARS) imaging for quantitative 

measurements of local structures in laminar and turbulent hydrogen flames. The 

study of spatial-thermochemical scalars in these flames is of paramount importance 

in advancing the next generation of sustainable combustion systems. The 

complexities of these environments require high-fidelity scalar measurements, 

demanding optical diagnostic tools with exceptional spatial and temporal 

resolution. Ideally, such instruments must be capable of delivering in-situ non-

intrusive measurements of temperature, as well as species mole fraction in 

dynamical environments occurring across narrow spatial gradients of typically 

~100’s µm. Recent developments in ultrafast —femtosecond (fs) and picosecond 

(ps)— laser technology have enabled the advancement of time-resolved CARS 

spectroscopy achieving independently, heightened repetition rates (from Hz to 

kHz), multidimensional imaging (1D and 2D), and multiplex spectroscopic 

measurements targeting major combustion species. Despite these advancements, 

there remains a gap in the availability of CARS instruments capable of seamlessly 

combining all these functionalities.  

The primary goal of this research is to combine these advancements in a unique 

design, that allows for spatiotemporal 1D-CARS measurements of temperature and 

concentration of N2, H2, O2, and H2O across the flame front of hydrogen flames. 

Using a single ultrafast regenerative amplifier laser system (Astrella, coherent) 

combined with a Second harmonic bandwidth compressor (Light conversion), two-

beam fs/ps pure-rotational CARS imaging is achieved across a one-dimensional 

field-of-view of ~1.5 mm at 1 kHz repetition rate in flames. To detect these signals, 

a novel polarization-sensitive coherent imaging spectrometer equipped with a high-

speed sCMOS camera was designed, achieving an excellent spectral and imaging 

resolution (<20 µm). The performance of the instrument is demonstrated for 

cinematographic 1D-CARS gas-phase thermometry (300-2200K) across an 

unstable premixed methane/air flame-front, achieving a single-shot precision <1% 

and an accuracy of <3%.  
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A comprehensive characterization of the spectrochronographic characteristics 

of the pump/Stokes and the probe pulses is also reported. On the one hand, the 

spectral response of the CARS instrument is evaluated characterizing the bandwidth 

of the pump/Stokes pulse as a function of linear chirp introduced by an external 

grating pulse compressor. On the other hand, the spectral phase of the ps-duration 

probe pulse generated with the SHBC is experimentally measured employing a new 

methodology in which the inherently short duration of the non-resonant signal is 

used to map the relative phase of different spectral components of the probe pulse. 

This facilitates the modeling of the fs/ps CARS signals in which ps-probe pulses 

with strong non-linear chirp are employed obviating the need for additional spectral 

filters. 

Furthermore, the thesis introduces a groundbreaking strategy for deducing 

water vapor concentration from the pure-rotational N2 CARS signal in the time 

domain, overcoming the challenge posed by weak H2O pure-rotational Raman 

spectra. This is achieved by exploiting the sensitivity of the N2 rotational Raman 

coherence to energy transfer during inelastic collisions between N2-N2 and N2-H2O. 

The developed technique allows simultaneous measurements of temperature, as 

well as O2, H2, and water vapor concentrations in a laminar H2/air diffusion flame. 

These experimental findings are complemented by numerical investigations, 

underscoring the potential to extend the technique to measure water vapor in more 

complex ternary collisional systems found in hydrocarbon flames. The further 

application of these developments in the canonical H3 flame reveals the capability 

to directly measure molecular transport processes affecting flame structure using 

spatiotemporal 1D-CARS. A dual-probe CARS approach combined with a 

polarization-sensitive coherent imaging spectrometer enables simultaneous 

acquisition of molecular N2 coherence at short and long probe delays, providing 

one-dimensional thermometry and concentration measurements for H2, O2, and 

H2O in a single laser shot. 
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Samenvatting 

Dit proefschrift presenteert de ontwikkeling en toepassing van spatiotemporele 

coherent anti-Stokes Raman scattering (CARS) beeldvorming voor kwantitatieve 

metingen van lokale structuren in laminaire en turbulente waterstofflammen. Het 

bestuderen van ruimtelijk-thermochemische scalairs in deze vlammen is van groot 

belang voor de vooruitgang van de volgende generatie duurzame 

verbrandingssystemen. De complexiteit van deze omgevingen vereist nauwkeurige 

scalar metingen, waarvoor optische diagnostische hulpmiddelen met uitzonderlijke 

ruimtelijke en temporele resolutie nodig zijn. Ideaal gezien moeten dergelijke 

instrumenten in staat zijn tot in-situ niet-intrusieve metingen van temperatuur en 

soorten molfractie in dynamische omgevingen die zich voordoen over smalle 

ruimtelijke gradiënten van doorgaans ~100 µm. Recente ontwikkelingen in 

ulrasnelle lasertechnologie hebben de vooruitgang van tijdsopgeloste CARS-

spectroscopie mogelijk gemaakt met onafhankelijk verhoogde 

herhalingsfrequenties (van Hz tot kHz), multidimensionale beeldvorming (1D en 

2D) en multiplex spectroscopische metingen die gericht zijn op de belangrijkste 

verbrandingssoorten. Ondanks deze vooruitgangen blijft er een kloof bestaan in de 

beschikbaarheid van CARS-instrumenten die al deze functionaliteiten naadloos 

kunnen combineren. 

Het primaire doel van dit onderzoek is om deze vooruitgangen te combineren 

in een uniek ontwerp dat spatiotemporele 1D-CARS-metingen van temperatuur en 

concentratie van N2, H2, O2 en H2O mogelijk maakt over de vlamfronten van 

waterstofflammen. Met behulp van een enkel ultrasnel regeneratief 

versterkerlasersysteem (Astrella, coherent) gecombineerd met een second harmonic 

bandwidth compressor (Light conversion) wordt tweestraals fs/ps puur-rotationele 

CARS-beeldvorming bereikt over een eendimensionaal gezichtsveld van ~1,5 mm 

bij een herhalingsfrequentie van 1 kHz in vlammen. Om deze signalen te detecteren 

werd een nieuwe polarisatiegevoelige coherente beeldspectrometer uitgerust met 

een hogesnelheid sCMOS-camera ontworpen, waarmee een uitstekende spectrale 

en beeldresolutie (<20 µm) werd bereikt. De prestaties van het instrument worden 

gedemonstreerd voor cinematografische 1D-CARS-gasfasethermometrie (300-

2200K) over een onstabiel premix-methaan/luchtvlamfront, met een 

enkelopnamennauwkeurigheid van <1% en een nauwkeurigheid van <3%. 
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Er wordt ook een uitgebreide karakterisering van de spectrochronografische 

kenmerken van de pomp/Stokes en de probe pulsen gerapporteerd. Enerzijds wordt 

de spectrale respons van het CARS-instrument geëvalueerd door de bandbreedte 

van de pomp/Stokes puls te karakteriseren als functie van lineaire chirp 

geïntroduceerd door een externe grating-pulscompressor. Anderzijds wordt de 

spectrale fase van de ps-duur probe-puls die met de SHBC is gegenereerd, 

experimenteel gemeten met behulp van een nieuwe methode waarbij de inherent 

korte duur van het niet-resonante signaal wordt gebruikt om de relatieve fase van 

verschillende spectrale componenten van de probe-puls in kaart te brengen. Dit 

vergemakkelijkt de modellering van de fs/ps CARS-signalen waarin ps-probe-

pulsen met sterke niet-lineaire chirp worden gebruikt, waardoor extra spectrale 

filters overbodig worden. 

Verder introduceert het proefschrift een baanbrekende strategie voor het 

afleiden van de waterdampconcentratie uit het puur-rotationele N2 CARS-signaal 

in het tijdsdomein, waarmee de uitdaging van zwakke H2O puur-rotationele 

Ramanspectra wordt overwonnen. Dit wordt bereikt door de gevoeligheid van de 

N2 rotatie-Ramancoherentie voor energieoverdracht tijdens inelastische botsingen 

tussen N2-N2 en N2-H2O te benutten. De ontwikkelde techniek maakt gelijktijdige 

metingen van temperatuur en de concentraties van O2, H2 en waterdamp mogelijk 

in een laminaire H2/lucht-diffusievlam. Deze experimentele bevindingen worden 

aangevuld met numerieke onderzoeken, die het potentieel benadrukken om de 

techniek uit te breiden voor het meten van waterdamp in complexere tertiaire 

botsingssystemen die in koolwaterstofvlammen voorkomen. De verdere toepassing 

van deze ontwikkelingen in de canonieke H3-vlam onthult het vermogen om 

moleculaire transportprocessen te meten die de vlamstructuur beïnvloeden met 

behulp van spatiotemporele 1D-CARS. Een dual-probe CARS-aanpak, 

gecombineerd met een polarisatiegevoelige coherente beeldspectrometer, maakt 

gelijktijdige acquisitie van moleculaire N2-coherentie mogelijk bij korte en lange 

probe-vertragingen, waardoor eendimensionale thermometrie- en 

concentratiemetingen voor H2, O2 en H2O in een enkele laseropname kunnen 

worden uitgevoerd. 
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Chapter 1 

Introduction 

1.1 Motivation 

In recent years, the use of hydrogen (H2) as an energy carrier has gained much 

research attention for propulsion and power technologies. Apart from the clear 

benefits of this fuel to eliminate CO2 emissions, one of the main advantages of H2 

is its large energy content by weight. The energy density of this molecule is almost 

three times higher than any other common hydrocarbon fuel (i.e. natural gas, and 

kerosene). This makes it appealing for applications in which high and fast energy 

release is required. For instance, hydrogen is a standard propellant for reusable 

space shuttle vehicles operated by ESA and NASA [1–3]. It is also considered to 

be used in a wide variety of applications such as fossil-free production of steel [4,5], 

as a replenisher in the metal combustion cycle [6–8], ammonia synthesis [9], as well 

as for power generation in terrestrial gas turbines [10–13].  Its potential is perhaps 

most groundbreaking in the aviation industry, where it's poised to revolutionize 

aircraft propulsion  [14–17]. It is foreseen that within the coming decade, the first 

aircraft powered by H2 could potentially be introduced into the aviation market. 

Commercial aircraft manufacturers such as Airbus have publicly disclosed their 

intentions to launch the prototypes of long-haul hydrogen-powered aircraft as early 

as 2035 [18]. According to the International Civil Aviation Organization (ICAO), 

a profound shift towards this technology is envisioned [19]. It is expected that by 

2050, H2 should be able to cover up to a third of worldwide aviation’s energy 

demand. However, to achieve these goals, radical modifications to the existing 

aircraft designs are required, particularly in the fuselage which needs to carry 

containers with liquid hydrogen, but also in the combustion chamber where the 

chemically stored energy in H2 needs to be efficiently converted to kinetic energy 

generating thrust. 

Several challenges need to be overcome to use H2 as fuel in combustion 

environments. One of them is to mitigate the nitric oxide (NOx) emissions generated 

in air-breathing engines. At temperatures above 1800 K, thermal NOx is usually 
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produced via an exothermic mechanism and the rate of formation increases with 

increasing temperature as well as oxygen and nitrogen concentrations [20]. 

Hydrogen flames have a higher adiabatic flame temperature in comparison to most 

hydrocarbon flames, consequently, there is a corresponding increase in these 

emissions. The impact of NOx emissions on ozone depletion is critical, especially 

in supersonic aircraft flying above 18,000 m altitude. In such high-altitude, NOx is 

generated not only through combustion processes but also via the dissociation of 

molecular nitrogen (N2) and oxygen (O2) due to the substantial velocities 

encountered at the nose cone of the aircraft [21]. Another challenge is to burn H2 

safely and in a wide range of operability conditions. Hydrogen has a high diffusivity 

and reactivity, which makes it burn faster than any other fuel [22]. As a 

consequence, flame instabilities driven by the rapid mixing and fast chemical 

kinetics reactions (i.e. auto ignition, flashback, deflagration-to-detonation 

transition) may arise in the combustion chamber [23]. To overcome these issues, 

fundamental research aiming to describe the propagation of H2 flames is required. 

The experimental assessment of the different scalars involved in the 

combustion process plays a key role in the investigation of H2 flame propagation. 

In particular, the temperature is the main scalar that needs to be accurately 

quantified. The structure of a flame can be defined as a function of the temperature 

profile across the different layers of gas between reactants and products. The 

temperature also influences the rate of consumption and formation of different 

combustion species (i.e. hydrogen, oxygen, and water vapor) [24]. When the 

temperature and local concentration of these species are measured, it is possible to 

investigate directly different molecular transport processes influencing flame 

propagation. For example, the preferential transport of H2 from the reactants into 

the product gases is induced by differences between molecular diffusion 

coefficients for the fuel, the oxidizer, and the product gases. This phenomenon is 

also referred to as preferential diffusion. Accurate measurements of these 

parameters would bring valuable information that can be used for the development 

and improvement of combustion models. In particular, those in which it is normally 

assumed that atomic mass fractions are conserved from reactants to fully burnt 

products [25]. 

In my doctoral research, I have focused on the development of a laser diagnostic 

technique that is capable of providing high-fidelity information about the most 

relevant scalars in H2 flames.  In particular, I defined temperature and local O2, H2,

and H2O concentration as the main variables that need to be measured to 

characterize the structure of an H2 flame. Laser-based diagnostics techniques are 
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the most employed tools for measuring flame temperature and concentration of 

species in chemically reacting flows. The importance of these techniques comes 

with the capability of performing in-situ measurements, in a non-intrusive fashion, 

which avoids disturbances to the reacting flow [26]. This feature is predominantly 

important in measurement environments where steep gradients of temperature exist 

(i.e., in a thermal boundary layer and laminar/turbulent flame-fronts) and in those 

conditions where physical probes would either fail completely or yield a large 

systematic deviation from the true condition.  

1.2 Challenges of hydrogen combustion diagnostics 

To accurately characterize the structure of an H2 flame-front at a molecular level, I 

built a tailor-made fs/ps CARS instrument which involved many technical 

challenges.  To describe some of these challenges, let us first consider a stationary 

laminar premixed flame from a Bunsen burner, as shown in Figure 1.1. 

This figure displays a very rapid increase in temperature (from 300 K to 2200 

K) across a relatively small spatial extent (~0.5 mm) that is needed for a flame to

continue to propagate. One of the most well-accepted theories that describe this

propagation of laminar premixed flames was developed by the French scientists

Mallard and Le Chatelier [27]. They stated that the propagation of heat through

different layers of the gaseous flow is the main mechanism that effects flame

Figure 1.1: The flame-front structure of a typical premixed H2/air flame, defined by the 

temperature profile across the reactant and the burnt product gases. Two main areas are identified 

across the one-dimensional domain, termed the preheat and the reaction layer. In these areas, 

temperature is raised from 300 K to 2400 K (blue) and the fuel (H2) reacts with the oxygen present 

in air to produce mainly water vapour.  
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propagation. In their description, the flame structure is composed of two main 

layers of gas, which are delimited by a point where the next layer ignites. The first 

one is termed the preheat zone, which occurs between the cold boundary (Tu) and 

the location of the ignition temperature (Ti). In this region, the temperature of the 

unburnt gas is raised mainly by heat conduction and partly also by convection from 

the reaction zone. Therefore, no significant chemical reaction occurs in this area. 

After the gas mixture is ignited, a second region appears, which is denoted as the 

reaction zone in Figure 1.1. In this spatial region, the temperature keeps rising until 

it reaches chemical equilibrium, where (in a perfectly thermodynamic isolated 

system) the adiabatic flame temperature (Ta) is obtained. In this theory, the ignition 

temperature is a critical parameter as it defines the boundary between the two 

regions of the flame. In addition to this theory, a more complete description 

proposed by Bernard Lewis and Guenther von Elbe [28] suggests that molecular 

diffusion of certain combustion-relevant species (i.e., radicals) also impacts the 

flame structure. In this description, it is the produced radicals in the flame that 

diffuse back into the flow with unreacted gases and can drive chain-branching 

chemical reactions that induce the ignition.  

From an experimental point of view, the accurate description of the flame 

structure relies on the possibility of using non-intrusive laser probing techniques 

which can obtain in-situ data on temperature and species composition across step 

gradients in space. This endeavour is fraught with challenges, primarily stemming 

from two crucial factors. Firstly, the scarcity of laser diagnostic techniques versatile 

enough to serve as comprehensive instruments for multi-scalar measurements in 

reactive flows poses a substantial hurdle. Classical ways in which light can 

potentially interact with molecules, such as absorption and fluorescence prove 

inefficient when dealing with homonuclear diatomic molecules such as N2, H2, and 

O2 [29], which are critical for characterizing the flame front in hydrogen flames. 

Consequently, the assessment of thermometry and species concentration relies 

mostly on the use of more sophisticated techniques based on light scattering, such 

as spontaneous Raman and coherent Raman scattering (CARS). The second 

challenge lies in the demand for excellent spatial and temporal resolution, directly 

influencing the precision and accuracy of the measurements. In the following 

sections, these challenges are going to be discussed, focusing on temperature for 

simplicity while acknowledging that similar challenges extend to the measurement 

of species concentration profiles. 
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1.2.1 Spatial resolution 

The structure of laminar premixed flames fed with H2 has a very steep temperature 

gradient and therefore the use of an instrument with a superior spatial resolution is 

paramount. A coarse spatial resolution would introduce a systematic bias to the 

measured data caused by spatial averaging [30]. To illustrate this problem, one can 

consider the freely propagating laminar premixed H2/air flame displayed in Fig. 1.1. 

The thickness (𝛿L) of a laminar premixed flame is usually derived from the 

temperature difference between the reactant (Tu) and the product (Ta) gases, 

according to:   

𝛿𝐿 =
𝑇𝑎 − 𝑇𝑢

max (|
𝜕𝑇
𝜕𝑥

|)
(1.1) 

In this flame, the local temperature increases very rapidly from 300 K up to 

2400 K, in a narrow spatial region 𝛿L ~ 500 µm. This would require at least ~10 

independent spatial segments of ~50 µm to deduce reliable data across this region.  

In H2 flames, the width of the preheat zone is even narrower than that in 

hydrocarbon flames. This means that the effect of spatial averaging becomes even 

more dramatic. Laser probing is the well-established measurement approach used 

for this application since the coherence of the electromagnetic radiation enables 

investigations down to microscopic scales (~50-200 µm for gas-phase 

thermometry). 

 In Figure 1.2, a comparison of the retrieval of the flame-front contour obtained 

for different degrees of spatial blur is presented to illustrate the effect of spatial 

averaging on temperature measurements. Two temperature profiles corresponding 

to laminar premixed CH4/air and H2/air flames were simulated over a 700 µm-

distance using the flame simulation code CHEM1D [31]. These generated 

temperature profiles were then convoluted with three Gaussian functions with 

corresponding widths of 20, 100, and 200 µm at full-width-half-maximum (fwhm), 

respectively, to simulate spatial averaging effects. Spatial averaging effects are 

common due to the focusing properties of the optics equipment employed or 

imperfections in general which are merged into the instrumental function slit width. 

As can be seen in Figure 1.2, the spatial blur clearly impacts the temperature 

estimation particularly in the preheat zone, when the temperature gradient is at 

maximum. On the other hand, no significant differences are found where the 
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temperature profile is more constant, i.e., both on the reactants side and on the 

product side of the flame front. Moreover, it is remarkable that while the 

temperature error is below 5% in the case of the laminar premixed CH4/air flame 

for all three spatial filters, the temperature of the laminar premixed H2/air flame is 

overestimated by 20% in the case of the spatial blur simulated with the 200 µm 

fwhm Gaussian function. Based on this, it is possible to infer that while the usually 

employed spatial resolution of ~100’s of microns would retrieve accurate 

temperature information in laminar premixed CH4/air flames, to resolve the flame 

structure of premixed flames fed with pure hydrogen, at least 20 µm is needed to 

avoid spatial averaging effects. 

In turbulent flames, the spatial resolution also becomes a potentially limiting 

factor when the finest turbulence scales are of interest [32]. When a flow becomes 

turbulent, fluctuations of velocity, temperature, and species concentration affect the 

Figure 1.2: Temperature error assessment based on various degrees of image blur for a 

methane/air flame (left) and a hydrogen/air laminar flame (right). (a,b) The temperature profile of 

the flame-font obtained with three different spatial resolution of 20, 100, and 200 μm FWHM size, 

respectively. (c,d) The relative systematic error (%) comparing the real temperature profile with the 

convoluted ones.  
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chemical reactions and the flame propagation. The degree to which these scalars 

influence the flame structure depends upon the characteristics time and length 

scales associated with each fluctuating component. In turbulent flows, large eddies 

transport turbulent kinetic energy into the system, cascading it down to smaller 

eddies where this energy is dissipated. The size of these eddies is defined, 

respectively, by the integral and the Kolmogorov length scales. While the integral 

scale is usually on the order of 1-10 mm, the Kolmogorov scale shrinks dramatically 

to a mere 20-60 µm [33]. In order to effectively measure scalar quantities down to 

the Kolmogorov scales, the use of laser diagnostic techniques with exceptionally 

high spatial resolution becomes imperative. 

 Point-wise (0-D) laser probing has been traditionally employed for the 

measurement of temperature and species concentration across H2 flames. However, 

the ability to acquire single-shot images of the scalars across the flame front is 

considerably more beneficial. The primary argument for using one-dimensional 

temperature imaging is that the flame structure is instantaneously acquired (as 

opposed to a point-wise scanning arrangement), which makes it possible to retrieve 

the entire flame structure in a single laser shot. Secondly, the direct imaging of 

species such as hydrogen would allow the follow-up on the evolution of fresh gases 

and their conversion into burnt products, defining elemental transport processes 

affecting flame propagation. Finally, with the instantaneous imaging of the flame-

front, it is possible to reduce uncertainties that arise specifically from point-wise 

(0-D) measurements; when 0-D measurements are employed, the flame thickness 

is discretized in a number of points, enough to resolve the scalar profile. Once the 

measurement at one of these points is performed, the flame is translated until all the 

defined points are measured. In this case, the data acquisition may proceed for 

several hours as a considerably high number of points are necessary to resolve the 

steep gradients. The point-wise raster scanning process may induce bias in the 

measured data, firstly because it is likely that boundary conditions of the experiment 

will drift during the data acquisition, and secondly because when dynamic scenes 

are probed, it is not possible to completely resolve the flame structure. 

1.2.2 Temporal resolution 

In addition, to the imaging capability, the experimental technique employed to 

measure temperature and species concentration should be able to resolve temporal 

fluctuations of the flame. Laminar flames are usually considered stationary and 

naturally stable, however, in practice, flames are affected by instabilities that 

emerge due to difficulties in controlling the boundary conditions of the experiment. 
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These perturbations may cause harmonic oscillations of the flame-front, which must 

be considered in the uncertainty analysis [34,35]. 

An assessment of these flame dynamics has been preliminarily performed to 

show the magnitude of these perturbations. A high-speed sCMOS (scientific-grade 

complementary metal-oxide-semiconductor) camera was used to capture the 

chemiluminescence produced by the radicals of a premixed CH4/air laminar flame. 

For a specific regime and fuel/oxidizer mixture condition, 1000 images were 

recorded at a rate of 1000 frames per second. Further, the flame dynamics were 

analyzed using an image processing algorithm. It consisted of a set of filters in 

which the position of the flame-front was defined as the pixels with a maximum 

gradient of brightness. A Fourier transform routine was employed to estimate the 

frequency of the oscillating position of the flame-front. In Fig. 1.3, it is exhibited 

the shift in the position of the flame-front as a function of time. A flickering motion 

is distinguishable as the flame-front oscillates periodically within the acquisition 

time. Two distinct frequencies of 13 and 75 Hz are discerned. The lowest frequency 

has the highest amplitude which becomes critical for temperature and species 

measurements. For instance, for a fixed measurement point, during one period of 

13 Hz, the flame position varies up to ~300 µm. If not captured well, this would 

Figure 1.3: Instabilities of a quasi-stationary laminar premixed methane/air flame-front. (a) A 

snapshot of the flame with indicated location of the analysed region. (b) A spatial shift of the flame-

front position as function of time and (c) frequency analysis of the flame flickering within the field 

of view. The colours of the binary image represent the burnt gases (blue colour) and reactant mixture 

(white colour). 
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yield a significant systematic error in the temperature estimation since this distance 

represents half of the flame-front thickness.   

The origin of the flame flickering motion is debatable and needs to be properly 

investigated; however, a common explanation can be given based on a frequency 

band analysis of the flame oscillation. Frequencies ranging from 10 to 20 Hz, are 

usually attributed to a buoyancy effect that occurs at the interface between hot 

combustion products and the air at ambient temperature. In this case, accelerated 

Kelvin-Helmholtz vortices caused by the difference in velocity and density between 

both fluids can produce flame wavering [36,37]. However, it is also possible that 

within this frequency band, flame oscillations coexist as a consequence of periodic 

changes in the equivalence ratio. The cone-angle of a premixed flame provided on 

a Bunsen burner is highly sensitive to changes in the mixture ratio and the bulk 

flow. A pulsation of the flow controllers can therefore easily alter the flame 

position. In the case of frequencies obtained in the band of 50-100 Hz, internal 

acoustic modes inherent to the design of the burner are identified as the possible 

source of the flame fluctuation [38,39].  

The Nyquist sampling theorem is typically used to determine the minimum 

sampling rate that is required, to completely resolve these periodic fluctuations [40]. 

Based on the results obtained from the chemiluminescence study on the current 

quasi-stationary laminar flame, this sampling frequency must be higher than 200 

Hz which is about twice the maximum frequency component observed in the 

frequency analysis. When spatially correlated data are acquired at this sampling 

frequency, it can be claimed as space-time resolved information for this flame 

application. This is the ultimate goal for flame structure measurements. With the 

simultaneous space-time resolution, it is possible to track the position of the quasi-

stationary flame at any moment. If these changes are only mechanical, the precision 

of the measurement will not be altered by perturbations via the laboratory frame 

(e.g. vibrations on the platform). Conditional statistics on the entire collected 

sample can be employed, for instance, deduced at a specific point relative to the 

inflection point of the flame contour which is representative of every single sample. 

This is further demonstrated in section 3.3, with correlated space-time resolution 

for CARS. 

1.2.3 Temperature single-shot precision and accuracy 

The reliability of the data obtained from optical diagnostics is also a major concern 

in flame measurements and must be analyzed in the context of experimental 
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uncertainty. This is usually inferred by quantifying the accuracy and precision of 

the scalar determination. In reality, measurements are tainted by errors. These errors 

might be created by the experiment's uncontrolled boundary conditions and lack of 

robustness of instruments, usually contributing to stochastic errors. However, errors 

can also be caused by low instrument resolution or by simplifications and 

assumptions of the models employed to deduce quantities from indirect 

measurement techniques; in this case, we usually refer to systematic errors.  

The uncertainty in the temperature estimation has a dramatic impact on the 

study of H2 combustion. In particular, to determine the rate of formation of radicals 

and pollutants governed by specific chemical reaction mechanisms. One clear 

example is the direct link between temperature and NOx emissions. Thermal NOx 

is formed by reactions that occur between atmospheric oxygen and nitrogen atoms. 

The temperature dependence of this reaction is explained by the Arrhenius 

expression that describes the rate of formation 𝜅 assuming equilibrium values as    

𝜅𝑡𝑟𝑢𝑒 ∝ exp (−
𝑇𝑎

𝑇
) (1.2)

Where 𝑇𝑎 = 𝐸𝑎/𝑅 is the activation temperature of the reaction; R=8,314462 

J/mol K is the molar gas constant and  𝐸𝑎 = 317 kJ/mol is the activation energy of 

the O + N2 ↔ N + NO chemical reaction [41]. To include the influence of 

temperature uncertainty in the rate of formation of NOx, the flame temperature T in 

Eq.(1.2), can be expanded to 

𝑇 = 𝑇𝑓 + Δ𝑇 (1.3) 

Where 𝑇𝑓 ~2400 K denotes the ‘true’ value of the flame temperature and ΔT is 

the experimental uncertainty. Since Δ𝑇 ≪ 𝑇, the exponential term in Eq.(1.3) can 

be expanded, giving the following expression [32]: 

𝜅∆𝑇 ∝ exp (−
𝑇𝑎

𝑇𝑓
) exp (−

𝑇𝑎Δ𝑇

𝑇𝑓
2 ) (1.4) 

According to Eq. (1.4), it follows that even a slight uncertainty of 4% (i.e. 96 

K) in the temperature estimation results in a ~50% error in the expected yield of

NOx as compared to the rate calculated using Eq. 1.2:
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𝜅𝑡𝑟𝑢𝑒 ∝ exp (−
38129 𝐾

2400 𝐾
) (1.5) 

𝜅∆𝑇 ∝ exp (−
38129 𝐾

2400 𝐾
) exp (−

38129 𝐾 (96 𝐾)

(2400 𝐾)2
) (1.6) 

𝜅𝑒𝑟𝑟𝑜𝑟 =  
|𝜅𝑡𝑟𝑢𝑒 − 𝜅∆𝑇|

𝜅𝑡𝑟𝑢𝑒
~0.5 (1.7) 

This effect is equivalent to that of other radicals of major importance on the 

flame propagation and therefore is of primary importance to consider when 

employing a particular diagnostic technique.  

The measurement uncertainty in CARS thermometry is the lowest among the 

different optical techniques available for gas-phase studies. The CARS spectrum 

indicates, with a high degree of fidelity, the population of a specific energy state in 

a molecular ensemble. As a result, it might be considered a direct method of 

measuring the mole fraction and temperature of molecules in the gas-phase. This 

provides a high degree of reliability as compared to other techniques in which 

measurements are less direct.  Before this research, the precision of state-of-the-art 

flame CARS thermometry was estimated to be in the order of ~2-3%. For accuracy, 

similar values of 3-5% were achieved [42,43]. However, making strong claims 

about the uncertainty of data obtained in flames is particularly problematic due to 

current limitations in the benchmarking methodologies employed to define what 

the “true” temperature value is in an experiment. Nonetheless, this thesis introduces 

attempts to lower the uncertainty of CARS thermometry below 1% percent. In 

chapter 3, these efforts are discussed. 

1.3 Coherent anti-Stokes Raman spectroscopy for 

thermometry and species concentration measurements 

Coherent anti-Stokes Raman scattering (CARS) spectroscopy is a laser diagnostic 

technique that has been employed in various research fields, both related to solid- 

and liquid-state physics, and as in this thesis, to investigate molecular systems in 

the gas-phase. The first experimental work based on this non-linear optical process 

was reported in 1965 in the seminal study of Maker and Terhune [44], where a 

pulsed ruby laser was used to generate a coherent Raman signal in a crystalline 

sample. Years later, the name coherent anti-Stokes Raman scattering was first 
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introduced by Begley and co-workers [45], who used toluene and benzene mixtures 

to investigate four-wave mixing. After this, much research was devoted to provide 

quantitative measurements of temperature and species concentration in gaseous 

media. The main reason was related to the advantages of CARS over the more 

commonly applied spontaneous Raman spectroscopy technique. The signals 

generated with CARS are several orders of magnitude stronger, and due to the 

enhanced signal throughput, it can favourably be applied in high-temperature 

environments as well as low-pressure applications where the number density (or the 

macroscopic susceptibility) is relatively low. Additionally, the coherence properties 

of the signal can be used to implement effective stray light rejection, which can lead 

to minimal background interference operating in highly luminous environments 

such as flames and plasmas. The CARS signal is also upconverted in frequency, 

which makes it such that it can be easily discriminated from the wavelength of the 

employed laser [46]. Altogether, this is what makes CARS exceptional in probing 

combustion processes over a broad range of practical operating conditions. 

The first applications of CARS for quantitative measurements in combustion 

dates to the mid-1970s by Regnier et al. [47] who were the first to perform 

concentration measurements of H2 in the reaction zone of a hydrocarbon flame. 

Furthermore, Moya et al. [48] proved that CARS could be used to perform 

thermometry in the product gases of a natural gas flame provided on a Bunsen 

burner.  Both thermometry and species concentration measurements were inferred 

from the rotational-vibrational spectrum of H2, here referred to as vibrational 

CARS. In the first implementations of vibrational CARS in reacting flows, the 

signal was generated using pulsed laser sources, which usually have a temporal 

duration of ~10-20 nanoseconds. Nanosecond pulses are inherently narrow in the 

frequency domain, and with this implementation, the full CARS spectrum was 

recovered either by scanning the frequency of the pump and the Stokes pulses [49–

51] or by employing the broadband emission originating from pumped dye lasers

[52]. The latter approach is particularly appealing since it could allow measuring

the whole spectrum of the molecule based on a single laser shot. Nonetheless, the

application of nanosecond-pulsed vibrational CARS systems is somehow limited

by the difficulty of performing measurements of multiple combustion species

simultaneously, and the congested rotational-vibrational transitions of the main Q-

branch spectra give rise to a poor accuracy obtained at low temperatures below 1000

K [53] and problems with line-mixing at high pressure if vibrational CARS is

applied in more realistic combustors.



Introduction 14 

Pure-rotational CARS spectroscopy was developed to overcome some of the 

drawbacks of vibrational CARS.  The pure-rotational transitions of most of the 

Raman-active molecules of interest for combustion diagnostics are positioned in 

the same frequency interval. Therefore, the use of broadband laser sources allows 

for instantaneous measurements of the major species present in a gas phase mixture 

with a single laser pulse [53,54]. Additionally, individual rotational spectral lines 

from a diatomic species are well isolated which makes it easier to interpret data 

obtained in high-pressure environments where both pressure-broadening and line-

mixing effects make the retrieval of spectral information otherwise difficult. The 

pure-rotational CARS spectra are also more temperature-sensitive below ~1800 K 

[55]. This feature is important when dynamic environments are investigated; for 

instance, in turbulent flows, where the temperature can fluctuate between 300 K 

(unreacted pockets in the flame) and 2400 K (reacted pockets in the flame) from 

shot-to-shot. Since the first experimental observation of a pure-rotational CARS 

signal [56], this approach has been vastly expanded to probe a number of diatomic 

molecules such as nitrogen [52], oxygen [57,58], carbon monoxide [59] and 

hydrogen [60]. It has been applied also to tri-atomic molecules such as carbon 

dioxide [61,62] nitrous oxide [63], water vapor [64], and polyatomic molecules 

such as acetylene [65,66], ethane [67,68] and ethylene [69,70]. This feature has 

been extensively exploited in the development and characterization of canonical 

flames.  

Some of the drawbacks of time-averaged ns-CARS systems are associated with 

inherent uncertainties that cannot be avoided using nanosecond laser pulses. The 

duration of these pulses is relatively long when compared to the typical collisional 

dephasing time of most molecules relevant to combustion processes. For instance, 

under atmospheric conditions, nitrogen molecules have a dephasing time of 

approximately 200 ps. The effect of molecular collisions on the CARS signal can 

lead to inaccuracy in the evaluated temperature and the assessment of the 

concentration of molecules. In addition, shot-to-shot mode noise and amplitude 

variations in the output from pumped dye lasers can directly impact the stability of 

recording CARS spectra. This effect has limited the thermometric precision of ns-

CARS to 4-5% [71,72]. A further disadvantage is the low repetition rate of the laser, 

which allows data acquisition only at ~5-10 Hz which is too slow to resolve 

dynamic variations of temperature and species concentration in turbulent flows. 

In recent years, the development of laser systems with ultrashort femtosecond 

laser pulses has been presented as the best alternative to performing measurements 
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of combustion processes, overcoming many of the above-listed difficulties related 

to nanosecond-pulsed CARS systems.  

In the ultrafast approach, the laser pulse width is on the order of a few 

femtoseconds to 10’s of picoseconds which provides a direct enhancement of the 

pulse peak-power, and the bandwidth that is required to excite the entire manifold 

of pure-rotational Raman transitions. The first work in which ultrashort laser pulses 

were implemented to gas-phase CARS spectroscopy [72] was published in 1995 by 

Hayden and Chandler [72] who demonstrated the suitability of using fs laser pulses 

to measure the evolution of molecular coherence in benzene and 1,3,5-hexatriene. 

Furthermore,  Lang et al. [73], were the first to employ fs-CARS for gas phase 

thermometry in heated gas-cell and later also in flames [74] using the detailed beat 

structures between the thermally populated states of H2 and N2 respectively in the 

time domain. In these cases, the implementation of ultrashort laser pulses in gaseous 

media was only possible thanks to the advent of the chirp pulse amplification (CPA) 

scheme that allowed to increase the energy of femtosecond pulses by six orders of 

magnitude, from nJ to mJ [75]. After that, the multiple benefits that ultrafast laser 

systems can provide have truly revolutionized CARS and can be summarized as:

High peak-power fs-laser pulses: 

• With the high-peak power provided by fs-laser pulses it is possible to drive

coherent Raman transitions impulsively, which leads to the generation of

the strongest CARS signals. Impulsive excitation is a pre-requisite for

single-shot CARS imaging (1D and 2D). With CARS imaging it is possible

to achieve spatially correlated measurements of temperature and species

concentration simultaneously in high-temperature combustion applications.

Broad bandwidth, near transform-limited fs-laser pulses: 

• The broad bandwidth of near transform-limited fs-laser pulses can be used

to excite all combustion-relevant species, e.g. N2, O2, CO, CO2, and H2, 

obtained with a single laser shot. In addition, with near transform-limited

fs-laser pulses, the spectral phase between the different individual spectral

components is eliminated, and with this coherent property, the precision of

CARS thermometry and multispecies detection can be reduced significantly

to below 1 %.

Short-duration fs-laser pulses, and the high repetition-rate: 

• The use of laser pulses that are shorter than the collisional dephasing time

of the probed molecules practically eliminates the uncertainty caused by
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collisional dephasing. This feature of time-resolved spectroscopy provides 

advantages, especially at high pressure.  

• It also provides the ability to measure the CARS signal dephasing rates due

to species-specific collisions with perturber molecules.

• The high repetition-rate of commercially available fs-laser systems (1-10

kHz) allows to (a certain extent) resolve flame dynamics in unstable reaction

environments.

For pure-rotational CARS, the implementation of these capabilities was 

possible, much thanks to the advent of hybrid fs/ps CARS [76]. In this approach, 

broadband fs-laser pulses (pump and Stokes) are used to drive the pure-rotational 

Raman transitions of the molecule, and the excited states are then sequentially 

scattered by a ps-probe pulse to generate the CARS signal. The CARS signal is 

thereafter detected in the frequency domain using a spectrometer. This requires the 

use of a (relatively) narrowband ps-probe pulse. A short probe pulse also permits 

the introduction of a time delay between the probe and the pump/Stokes (excitation) 

pulses, which can be used to suppress the non-resonant background since this signal 

is only generated with the synchronous temporal overlap of the three input laser 

fields [77]. Another advantage of time-resolved CARS is the nearly collision-

independent measurements, which have been achieved even at pressures as high as 

70 atm [78].   

The past decade has seen a rapid advance of pure-rotational fs/ps CARS for 

applied diagnostics in high-temperature reacting flows. One of the most significant 

breakthroughs was the invention of a two-beam rotational CARS technique in 2013 

[79]. Through this technique, Bohlin and Kliewer extended the traditional use of 

point-measurement CARS to perform coherent imaging simultaneously across a 

one-dimensional spatial coordinate (1D). In the two-beam CARS technique, both 

the pump and the Stokes photons originate from a single broadband fs pulse (45 fs) 

and are therefore automatically overlapped in space and in time. This simplifies the 

beam alignment and makes the technique more robust against beam steering effects. 

Additionally, the spatial resolution is enhanced since the interaction length between 

the two beams can be adjusted even down to ~50 μm. In one of the works 

demonstrated by Bohlin and Kliewer at Sandia National Laboratories, temperature 

measurements were performed along a ~6 mm line segment positioned across the 

flame-front of a premixed CH4/air flame impinging against a steel wall [80]. This 

approach (the two-beam phase-matching scheme), was further expanded also to 

perform CARS measurements simultaneously over a two-dimensional field of ~40 

mm2 [81].  
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An important consideration for the two-beam pure-rotational fs/ps CARS setup 

concerns the picosecond probe pulse. To achieve planar imaging with CARS (2D-

CARS), extremely high pulse energy of the picosecond probe is required (~30-60 

mJ). Therefore, the probe pulse has to be supplied from a separate ps-laser system 

that is synchronized with the combined pump/Stokes fs-laser excitation pulse. In 

this case, the current demonstrations of 2D-CARS applied to flames have had a 

sampling rate of ~20 Hz [82], however, kHz sampling rates have also been achieved 

for 2D-CARS at probing of oxygen at room temperature [83]. Another possibility 

is to generate the probe laser pulse directly from the output of the fs-laser system 

utilizing different pulse-shaping techniques. This process has been implemented by 

selecting a small portion of the bandwidth of the fs-duration laser pulse, leading to 

a much narrower bandwidth and a prolonged – picosecond – duration laser pulse. 

As a result, the ps-probe pulse as well as the fs-excitation pulse can be created from 

a single laser source, with the benefits of automatic synchronization in repetition 

rates to achieve increased data sampling rates (1-5 kHz) [84,85]. The limitation in 

acquisition rate is currently set by commercially available fs-laser systems, 

however, 100 kHz have been achieved for two-beam CARS implemented with 

custom-built pulse burst mode lasers [86]. The single laser system approach has a 

significant impact on pulse energy available for the ps-probe pulse and therefore 

has been limited to perform only point-wise measurements with CARS. Examples 

of such techniques include narrowband Lorentzian filters [87], volume Bragg 

gratings [88,89], and  4-f pulse shapers [90,91]. To date, the most efficient way to 

produce a narrowband ps-probe pulse from the broadband fs-laser is to use a second 

harmonic bandwidth compressor (SHBC). This methodology was first introduced 

in hybrid fs/ps CARS by Kearney et al. [92] in 2013. Here, the probe pulse is 

generated via a nonlinear process termed sum-frequency generation (SFG), in 

which phase-conjugate linearly chirped fs-laser pulses are combined in a nonlinear 

crystal to be converted to a “single wavelength” achieved with an efficiency of 30-

40%. This means that much of the original fs-pulse energy is recovered in the SHBC 

“fs-to-ps” pulse conversion process. One of the key-objectives for this thesis, which 

has also been achieved successfully, is to exploit this “extra” available pulse energy 

for the ps-probe pulse to achieve spatiotemporal 1D-imaging with CARS obtained 

with a single laser system.  

The use of high-energy SHBC-produced probe pulses is also effective for 

monitoring the evolution of the CARS signal in the time-domain over a wide 

pressure range [78]. This capability provides an additional degree of sensitivity that 

can be used to assess additional scalars. All of this is possible because the dephasing 

of the CARS signal is highly sensitive to the thermodynamic properties of the 
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medium (i.e. temperature, pressure, and gas mixture composition). Kearney and 

Danehy [93] were the first to use the pure-rotational CARS signal's sensitivity in 

the time-domain for measurements of pressure. They developed a new detection 

scheme that allows to estimate both temperature and pressure simultaneously from 

the pure-rotational N2 CARS spectrum at pressures ranging from 0.4 to 3 atm. 

Although, during this first attempt, with the sequential probe delay measurements 

it could not be acquired single-shot statistics of pressure, more recent improvements 

have demonstrated the feasibility of single-shot temperature/pressure assessments 

by employing multi-probe schemes [94,95]. However, no previous attempt had 

been made yet to utilize the sensitivity of the CARS signal in the time-domain for 

flame diagnostics. The main difficulties are the decreased sensitivity of the 

collisional dephasing at high temperatures and the requirement for simultaneous 

monitoring of all combustion species present in the probe volume. In this thesis, it 

is reported a new development, in which the sensitivity of the N2 CARS signal in 

the time-domain is used for measuring water vapor concentration in H2 flames. 

In general, pure-rotational CARS spectroscopy has a few challenges that need 

to be overcome to be efficiently used in H2 flames. The first challenge concerns the 

performance of thermometry directly on hydrogen and to measure the concentration 

of H2 and H2O. The large rotational constant of hydrogen (i.e. ~60 cm-1 for H2 

compared to ~2 cm-1  for N2) results in a large dispersion of the rotational spectral 

lines, which is spread over the spectral region of 350-2200 cm-1 (at ~2300 K). The 

lack of excitation bandwidth of commercially available femtosecond lasers to 

encompass this entire spectral range has thus precluded the use of CARS 

spectroscopy to detect more than one, or possibly two, rotational Raman transitions 

of H2 simultaneously [96]. To generate efficient excitation bandwidth, additional 

pulse compression techniques need to be used. For instance, by using an optics 

combination of a hollow-core fiber and negatively dispersed mirrors to compress 

the fs-pulse down to sub 10 fs [97,98]. In the case of H2O, it is the low Raman cross-

section that has hampered its detection in high-temperature reacting flows. The 

Raman cross-section of a molecule is roughly a measure of the coherent Raman 

scattering susceptibility, and it is typically much smaller for molecules with low 

polarizability, such as H2O. This can make it more difficult to detect the CARS 

signal of such molecules, especially in the presence of other species with larger 

Raman cross sections, such as N2. In the only attempt to measure the pure-rotational 

signal of H2O with CARS, it was concluded that it is an unsuitable technique to be 

used in combustion environments [64]. The reason is that the signal intensity is 

more than five orders of magnitude smaller than that of N2 CARS at room 

temperature. The challenge of detecting water vapor—the main product gas of 
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hydrogen flames—is even greater, as at high temperatures, the intensity of the pure-

rotational CARS spectrum is spread over many spectral lines (thermally populated 

states). Therefore, the new detection method introduced in this thesis (discussed in 

chapter 5) using pure-rotational CARS spectroscopy on H2O can be considered a 

breakthrough.    

The second challenge is related to the spatiotemporal resolution obtained with 

pure-rotational CARS imaging. As it was discussed in the previous sections, 

performing diagnostics in H2 flame fronts is very challenging. The lack of spatial 

and temporal (cinematographic) resolution may impact negatively the precision and 

accuracy of the measurements. While the use of two synchronized fs- and ps-laser 

systems has been successfully employed to probe the propagation of both laminar 

[79] and turbulent [99] hydrogen flames with 1D- and 2D-CARS, respectively, a

lateral spatial imaging resolution of ∼40 μm has been reported at these

measurements which was dictated by the wavelength of the probe beam (532 nm).

In addition, in these previous works of CARS imaging, the refresh-rate was 20 Hz,

which is determined by the high-power picosecond regenerative amplifier laser

system design. In this thesis, it is developed a new unique architecture for pure-

rotational CARS imaging spectroscopy using a single laser system, and with the

“blue-shifting” of the probe beam (from 532 nm to 400 nm), it should be possible

to achieve an even greater spatial resolution, as well as an increased data acquisition

rate (from 20 Hz to 1 kHz). With these new prospects, it means that the spatial

averaging effects might become reduced to such an extent, that the retrieval of the

hydrogen flame-front contour is nearly exact. Additionally, with the slight

possibility of cinematography, it is intended to resolve scalar dynamics and improve

the significance of the recorded data in laminar flames.

1.4 Research objectives 

As underlined in the former section, a tailor-made diagnostic system has been built 

to overcome the challenges involved in the experimental characterization of the 

structure of H2 flames. I have had two primary objectives for this research. The first 

one is to expand on the performance of pure-rotational CARS imaging spectroscopy 

with the ambition to measure temperature and species concentration  (i.e. N2, O2, 

H2, and H2O) with correlated resolution in space (1D field of view) and in time 

(~kHz acquisition rate). The second one is to make use of this new diagnostics tool 

to study the flame propagation of turbulent diffusion flames. In particular, the effect 

of differential diffusion of H2 is investigated. To date, there have been no direct 
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observations of this molecular transport process in either laminar- or turbulent 

hydrogen flame environments. 

The content of this thesis is thus organized as follows. Chapter two begins with 

the sufficient theoretical description of the CARS process. It emphasizes on 

rotational spectroscopy of diatomic molecules and the modeling of the CARS signal 

in the time-domain. Chapter three describes the outline of the experimental 

apparatus which includes the design of the laser system and the coherent imaging 

spectrometer to detect the 1D CARS signal. In chapter four, the procedure for the 

characterization of the spectral phase of the ps-probe beam and its further 

optimization is explained. Then, in chapter five, a new detection strategy to measure 

the concentration of water vapor using the sensitivity of the N2 CARS signal in the 

time domain is discussed along with the proof of principle in a laminar diffusion H2 

flame. Finally, in chapter six, the application of the developed instrument is 

demonstrated in the investigation of the differential diffusion of H2 in a canonical 

turbulent flame. 
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Chapter 2 

Theory and modeling of fs/ps pure-

rotational CARS 

This chapter provides a general overview of the physical principles behind the use 

of CARS spectroscopy for gas-phase temperature and species concentration 

measurements. It begins by describing the internal energy structure of diatomic 

molecules, focusing on their vibrational and rotational quantum states as well as the 

probability distribution of these states within molecular ensembles, which is 

strongly temperature-dependent. Following this, a detailed description of the time-

domain model used to simulate the fs/ps pure-rotational CARS signal is presented. 

The aim is to offer the reader insight into how scalars, such as temperature and 

species concentration, are derived from experimental spectra acquired in flames. 

2.1 Spectroscopy of diatomic molecules 

A molecule is an assembly of atoms, held together by electrostatic forces created 

between the positively charged nuclei of the atoms and the negatively charged 

electrons. In this system, energy is quantized, and therefore, it takes discrete values 

that are specific for each molecule. To understand this discrete energy distribution, 

it is useful to divide the nuclei and the electrons’ energy into separate parts 

represented by the electronic, the vibrational, and the rotational motions of the 

molecule. The Born-Oppenheimer approximation assumes that on extremely short 

time scales (less than 1 fs), the nuclei may be thought of as fixed in space as 

compared to the fast motion of the electrons [100]. As a result, the energy associated 

with the motion of the nuclei and the electrons can be treated as two independent 

systems. Conveniently, the total Hamiltonian for measuring the total kinetic energy 

of a diatomic molecule can thus be expressed as a sum of these motions. 

𝐻𝑇 = 𝐻𝑒𝑙 + 𝐻𝑛𝑢𝑐𝑙 (2.1) 

𝐻𝑇 = 𝐻𝑒𝑙 + 𝐻𝑣𝑖𝑏 + 𝐻𝑟𝑜𝑡 (2.2) 
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This thesis dissertation mostly concerns energy transitions within the manifold 

of rotational energy states which belong to the first vibrational level of the ground 

electronic state of a diatomic molecule. Therefore, both the contributions of 

vibrational and electronic energies are not discussed further. The vibrational motion 

of a diatomic molecule may, however, induce changes in the rotational moment of 

inertia leading to centrifugal distortion of the molecule. This means that a coupling 

between vibrational and the rotational energy states also needs to be considered to 

simulate the exact positions of the spectral lines. 

2.1.1 The rigid rotor 

The rotational energy distribution of diatomic molecules is best described by the 

rigid rotor model [101]. For a rigid rotor, it can be assumed that the bond between 

two atoms of masses M1 and M2 is fixed, so that its length and angle do not change 

while the molecule rotates about its center of mass (Fig. 2.1a). The kinetic energy 

associated with this rotational motion of angular velocity 𝜔 can be written as  

𝐾 =
1

2
𝐼𝜔2 (2.3) 

Here, the moment of inertia (I) is calculated using the reduced mass of the 

molecule 𝜇 = (𝑀1𝑀2/(𝑀1 + 𝑀2)  and a fixed internuclear distance R= r1+r2  as in 

the following: 𝐼 = 𝜇𝑅2. Consequently, the rotational Hamiltonian operator Hrot

from Eq. (2.2) may be expressed as   

𝐻𝑟𝑜𝑡 =
𝐽2

2𝐼
=

𝐽2

2𝜇𝑅2
(2.4) 

where J⃗ denotes the angular momentum operator of the molecule, whose 

eigenvalues are specified by the rotational quantum number J. The corresponding 

eigenvalues (energies) are given by the solution of the time-independent 

Schrödinger equation for Hrot according to  

𝐸𝑟𝑜𝑡 =
ℎ2

8𝜋2𝐼
𝐽 (𝐽 + 1) [J] (2.5) 

Since the energy is quantized, J takes only positive integral values (i.e. 0,1,2, 

etc.). Due to the small energy of rotational transitions expressed in Joule [J], it is 
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convenient to instead employ wavenumbers units [cm−1]. This is done by dividing

𝐸𝑟𝑜𝑡 in Eq. (2.5) by the Planck constant (h) and the velocity of light (c) according 

to: 

𝐸𝑗 =
𝐸𝑟𝑜𝑡

ℎ𝑐
= 𝐵𝐽(𝐽 + 1) [cm−1] (2.6) 

As it can be seen in Eq. (2.6), the moment of inertia is incorporated into the 

rotational constant  𝐵 = ℎ / 8𝜋2 𝐼𝑐 [cm-1]. The magnitude of this constant defines

the rotational level spacing of the molecule and varies with the vibrational quantum 

level, respectively. 

2.1.2 Elastic rotor 

The rigid rotor model, while simple, approximates well the rotational energy 

distribution of diatomic molecules with small angular momenta. However, it starts 

to fail at simulating the rotational energy states corresponding to elevated J-

quantum numbers, especially in molecules with large rotational constants such as 

Figure 2.1: Rotational energy of diatomic molecules. A visual representation of a) the rigid 

rotor and b) the elastic rotor model. c) Comparison of energy states distribution between the two 

models applied for N2 and H2. The solid line represents the rigid rotor and the dashed line the elastic 

rotor which accounts for centrifugal distortions of the molecules. 
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hydrogen. This is because a more realistic description of the molecule would be to 

consider it fluidic (more or less), and the centrifugal force acting through the fast-

spinning motion leading to its distortion. In this case, the internuclear separation 

distance changes between the point masses of the atoms, and therefore the rotational 

and the vibrational motions cannot be considered decoupled anymore. The 

molecule is thus better described as an elastic rotor. Another depiction of this effect 

can be seen in Fig.2.1(b) concerning the vibrational motion. Here, the bond between 

the two atoms of point masses M1 and M2 is now represented by an elastic spring 

that expands due to the strong vibrations. From a mathematical point of view, this 

is also more complicated, as the energy states of a harmonic oscillator motion with 

neat analytical solutions are not valid, and instead, numerical solutions need to be 

applied. A common method, to simulate the energy states of the anharmonic motion 

is to introduce correction terms to the energy expression in Eq. (2.6) obtained via a 

Taylor expansion 

𝐸𝐽 = 𝐵𝜈𝐽(𝐽 + 1) − 𝐷𝜈(𝐽2(𝐽 + 1)2 − 𝐻𝜈𝐽3(𝐽 + 1)3 + ⋯ (2.7) 

For simplicity, the series can be trunked after the second-order correction term, 

where 𝐷𝜈 is usually referred to as the centrifugal constant and accounts for the 

additional moment of inertia due to the bond length distortion. Figure 2.1(c) shows 

the centrifugal correction of the rotational energy ladder for N2 (𝐷𝜈 =

5.76 × 10−6cm−1) and H2 (𝐷𝜈 = 0.0459 cm−1) [102]. As it can be seen the effect

of centrifugal distortion is very small for the nitrogen molecule, at least for J≤40. 

On the other hand, these distortions become significant for H2 due to the flexibility 

of its single bond, which is affected by the large angular momenta. This effect is 

important for calculating the line positions of the pure-rotational CARS spectra. 

2.1.3 Population distribution 

Once the rotational energy states have been calculated, it is of primary 

importance for thermometry to know how molecules in a thermal ensemble are 

populated over these quantized states. This explains how the CARS signal is 

sensitive to temperature.  
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The population distribution is derived from statistical mechanics using the 

normalized Boltzmann factors; 

𝜌𝜈,𝐽 = 𝑔𝑛
𝑘 ∙ 𝑔𝑍

𝑒
−

ℏ𝐸𝐽

𝑘𝐵𝑇

𝑍
(2.8) 

𝑍 = ∑ 𝑔𝑛
𝑘 ∙ 𝑔𝑍 𝑒

−
ℏ𝐸𝐽

𝑘𝐵𝑇

𝑗

 (2.9) 

where ρν,J indicates the percentage of molecules in the Jth state of rotational

energy EJ; kB the Boltzmann’s constant, and T, is the temperature in Kelvin. 

Moreover, the denominator in Eq. (2.8) is the partition function Z and represents 

the sum over all the states used for normalization. The terms 𝑔𝑛
𝑘 and  𝑔𝑍 in Eq. 2.8

and 2.9 account for the degeneracy of the quantized rotational states (i.e. individual 

states with exactly the same energy). On the one hand, the term  𝑔𝑍 = (2𝐽 +

1) accounts for the rotational multiplicity of degenerate magnetic sub-states. On the

Figure 2.2: Boltzmann population distribution of rotational levels for the N2 (top) and H2 

(bottom) for 300 K and 2200 K; the usual upper and lower temperature limits seen in flames. 
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other hand,  𝑔𝑛
𝑘 is the nuclear spin statistical factor.  For heteronuclear diatomic

molecules, the nuclear spin is constant and equal to 1. In the case of homonuclear 

diatomics such as N2, O2, and H2, the effect of nuclear spin degeneracy causes 

alternating populations between even and odd rotational states, depending of 

specific symmetry properties of the electronic wave function of the molecule.  

To better illustrate how temperature is retrieved from this probability 

distribution, Figure 2.2 depicts the thermal Boltzmann population distribution of 

the rotational energy states of N2 and H2 at 293 K and 2200 K; the upper and lower 

temperature bounds that are probed in the present study.  It can be seen that as the 

temperature increases, the distribution spreads out and higher rotational energy 

states get populated. In the most basic sense, this indicates that when temperature 

increases, the molecule starts to spin faster. Additionally, it is possible to see that 

the rotational state population distribution is not the same for all species; instead, it 

varies according to the molecular energy spacing. At room temperature, for 

instance, only three J-quantum states of hydrogen are significantly populated. 

About ~65% of the total population is concentrated only in J=1. On the contrary, 

nitrogen presents a denser manifold of the rotational energy states, and a 

considerably larger number of these states are occupied even at low temperatures. 

Therefore, the probability in each state is below 10% overall. What makes CARS 

excellent for gas-phase thermometry is that the spectrum closely resembles this 

distribution. The following section presents how to simulate the pure-rotational 

CARS spectrum of diatomic molecules. 

2.2 Two-beam rotational fs/ps CARS 

The CARS process is based on the principle of inelastic scattering of light. When a 

photon is scattered by a molecule, the energy of the scattered photon is different 

from the energy of the incident photon (Raman scattering), resulting in a change in 

the wavelength or frequency of the scattered light. This energy difference is equal 

to the energy of a vibrational or rotational transition of the molecule being probed. 

In essence, this effect arises from a change in the polarization of the medium 

induced by the oscillating electric field component of the electromagnetic radiation. 

The induced polarization is dependent on the nuclei position and is thus modulated 

by rotational and vibrational motions of the molecule. The frequency shift between 

the incident and the scattered light is the Raman signal and can thus be interpreted 

as the beat frequency between incident radiation and nuclear motions [103]. 
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The CARS signal is generated through a third-order induced polarization of the 

medium created when three incident photons (pump, Stokes, and probe) interact 

with the quantized energy states of the evaluated molecule, as shown in Figure 

2.3(a). In this process, the frequency difference between the pump (ωpump) and 

Stokes (ωStokes)  photons matches a pure-rotational Raman transition between two 

observable states of the molecule, resulting in an induced Raman coherence. This 

molecular coherence is then probed with a third photon (ωprobe) thereby generating 

a coherent signal (ωCARS) from the scattered light.  In this process, energy is 

conserved according to the equation ωCARS= ωpump- ωStokes + ωprobe. The spectrum of 

the signal generated resembles the Boltzmann population distribution of a thermal 

ensemble; this is where the sensitivity of CARS to temperature and chemical gas 

composition is obtained. 

During the coherent excitation, molecules undergo transitions within the 

discrete ro-vibrational energy levels designated by the vibrational and rotational 

quantum numbers (v, J). In the context of Raman spectroscopy, only specific 

transitions are allowed, depending on the structure and intrinsic symmetries of the 

molecule. Therefore, the following “selection rules” apply: 

• Q-branch, for Δv =+1, ΔJ=0, corresponding to pure-vibrational transitions.

• O-branch, for ΔJ=−2, corresponding to either pure-rotational or ro-

vibrational transitions.

Figure 2.3: The three principles of two-beam pure-rotational CARS. a) energy conservation, 

b) momentum conservation (phase-matching) and c) intra-pulse combination in the time-domain.
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• S-branch, for ΔJ=+2, corresponding to either pure-rotational or ro-

vibrational transitions.

One of the most important aspects that needs to be considered in the CARS 

process is the phase matching condition. Since the resulting electromagnetic 

radiation is coherent in nature, it propagates in the direction dictated by the 

conservation of momentum, as described by its wave vector (�⃗⃗�𝐶𝐴𝑅𝑆):

�⃗⃗�𝐶𝐴𝑅𝑆 = �⃗⃗�𝑝𝑢𝑚𝑝 − �⃗⃗�𝑆𝑡𝑜𝑘𝑒𝑠 + �⃗⃗�𝑝𝑟𝑜𝑏𝑒 (2.10) 

To fulfil this criterion, the incident beams should be arranged in a specific way 

such that the CARS signal generated at a certain point in the probe volume is in 

phase with the signal generated at subsequent points. This leads to a constructive 

build-up of the signal. From a diagnostics perspective, the phase matching condition 

is thus important as it has a direct effect on the generation efficiency of the signal 

and the longitudinal spatial resolution. While there are several configurations 

developed to satisfy the momentum conservation constraint, the two-beam phase-

matching scheme is the most convenient for CARS imaging applications [104]. In 

this configuration, the combined pump/Stokes and the probe beams are crossed at 

an arbitrary angle and the generated signal propagates approximately along the 

direction of the probe. The reduction from three to two laser beams considerably 

simplifies the spatial and temporal overlap of the laser pulses and allows to expand 

the probe volume to multi-dimensional spatial configurations (1D, 2D). Besides 

that, the spatial resolution is significantly enhanced in this arrangement. It can be 

tuned by simply changing the crossing angle (𝜃) between the two beams. The non-

perfect alignment of the probe beam with respect to the pump/Stokes one, however, 

introduces a phase mismatch (∆𝑘) in the CARS signal, resulting in a shorter wave 

vector which may limit the spectral response of the measurement. The wave-vector 

mismatch can be calculated using the following expression 

∆𝑘 = (kP − kSt) + 𝑘𝑃𝑟 − 𝑘𝐶𝐴𝑅𝑆 (2.11) 

Where, the term   (kP − kSt) represents the Raman shift.  In Figure 2.3 (b) the

phase-matching diagram for two-beam CARS is displayed. Depending on the value 

of θ, the beams can be nearly phase-matched for a wide range of pure-rotational 

Raman transitions. For a given probe beam, ∆k can be computed as a function of 

the crossing angle as 
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∆𝑘 = 𝛺 + 𝑘𝑃𝑟 − √(𝛺 + 𝑘𝑃𝑟 ∙ cos 𝜃)2 + (𝑘𝑃𝑟 ∙ sin 𝜃)2 (2.12) 

Since ∆𝑘 increases as a function of the Raman shift, this effect becomes 

relevant when probing molecules with large rotational Raman transitions such as 

hydrogen.   

It is important to keep in mind that in this phase-matching configuration, there 

is a trade-off between longitudinal spatial resolution and the CARS intensity 

obtained. The larger the crossing angle, the interaction length (z) between the 

pump/Stokes and probe beams becomes shorter, thus improving spatial resolution. 

However, the intensity of the signal is negatively affected as it is proportional to the 

interaction length and the wave-vector mismatch (∆𝑘) according to the traditional 

CARS equation obtained with three beams:  

𝐼𝐶𝐴𝑅𝑆 ∝ 𝑧2 𝑠𝑖𝑛𝑐2 (
Δ𝑘 𝑧

2
) (2.13) 

It should be noted that Eq. (2.13) is obtained by assuming that the amplitude of 

the pump, the Stokes, and the probe electric fields are constant along z (i.e. the 

slowly varying amplitude approximation). For two-beam CARS, when  0 < 𝜃 ≥

90 , the assumption of field independence of the interaction length does not hold 

true at least for the pump/Stokes beam. Therefore, a more appropriate way to 

present the functional dependence of the CARS signal intensity for ∆k and z is 

given in Eq. (2.14) [79]: 

𝐼𝐶𝐴𝑅𝑆 ∝ 𝑒−(
Δ𝑘 𝑧

4
)

2

(2.14) 

In this case, the combined pump/Stokes beam is modelled as a double Gaussian 

function, which spatial profile is described by a function on the form 𝑒−𝛼𝑧′2
. Now

that the requirements in terms of energy and momentum conservation have been 

explained, in the following section a description of the time domain response of the 

CARS process is detailed. 

2.2.1 Time-domain modelling 

In the CARS process, the electric field from the incoming pump/Stokes beam 

polarizes the gas medium by changing the electron distribution relative to the 



31 Theory and modeling of fs/ps pure-rotational CARS 

molecule’s nuclei. The induced polarization �⃗⃗� corresponds to the electric dipoles

created by the incident light wave field and can be described as a power expansion: 

�⃗⃗� = 𝜀0(𝜒�⃗⃗� + 𝜒(2)�⃗⃗�2 + 𝜒(3)�⃗⃗�3 + ⋯ ) (2.15) 

where �⃗⃗�  is the electric field applied, ε0 is the permittivity of free space and χ 

represents the susceptibility of the medium to be polarized. Although the higher-

order terms in Eq. (2.15) are considerably weaker than the linear one, they become 

significant when a high electric field is applied, especially from a fs-laser pulse. 

The induced polarization of an isotropic medium, such as gas, is restricted to terms 

with odd orders due to inversion symmetries. Additionally, polarizations above the 

third order are disregarded, focusing on four-wave-mixing. The CARS process is 

governed by the third-order non-linear susceptibility of the optical medium ( 𝜒(3)).

In fs/ps CARS, 𝜒(3) is modeled as a transient in the time domain under two

main assumptions. The first one is the instantaneous dephasing of the electronic 

coherence induced in the medium by the far-detuned pump, Stokes, and probe 

fields. The second one is the impulsive excitation of the rotational Raman 

coherence: molecules oscillate collectively (in phase) after turning off the fs 

electromagnetic field. This condition is achieved if the pump/Stokes pulse duration 

is comparable to or shorter than the rotational period of the probed Raman-active 

mode.   

The third-order non-linear susceptibility of the medium can be modeled then, 

using a phenomenological approach. It results in the sum of elementary sine waves 

at the frequencies of the molecular Raman transitions, weighted by their relative 

transition strength. 

χ(3)(t) = ∑ ∑ ∑ W𝐽→𝐽+2  ∙ exp [(𝑖𝜔𝐽→𝐽+2

Δ𝐽=+2𝑣𝑘

− Γ𝐽→𝐽+2)𝑡] (2.16) 

The term, 𝜔𝐽→𝐽+2 denotes the angular frequency of the Raman transitions and 

Γ𝐽→𝐽+2 is the J-dependent dephasing coefficient. The second term in the exponent 

in Eq. (2.16) dictates the coherence decay caused by inelastic collisions with 

perturber molecules in the dielectric medium. The index W𝐽→𝐽+2  accounts for the 

Raman transition strength  

W𝐽→𝐽+2 = 𝑋𝑘Υ𝑘
2F𝐽→𝐽+2

𝑘 b𝐽→𝐽+2 |N𝐽+2
𝑘 − N𝑗

𝑘| (2.17) 
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where Xk is the species (k) mole fraction and Υ𝑘
2 is the polarizability anisotropy.

The Placzek-Teller (b𝐽→𝐽+2) coefficients introduce corrections to the anisotropic 

polarizability accounting for the coupling of the angular momenta and are 

calculated depending on the final state of the transition. Therefore, these are 

different for the S- and the O-branch spectrum according to the algebraic formula 

[105] 

b𝐽→𝐽+2 =
3(𝐽 + 1)(𝐽 + 2)

2(2𝐽 + 3)(2𝐽 + 1)
(2.18) 

b𝐽→𝐽−2 =
3(𝐽 − 1)𝐽

2(2𝐽 − 3)(2𝐽 + 1)
(2.19) 

The Herman-Wallis (F𝐽→𝐽+2
𝑘 ) factors account for the change in the polarizability 

due to centrifugal distortions of the molecule affected by the rotational-vibrational 

coupling. These coefficients are calculated according to Eq.  (2.20) following the 

Tipping-Ogilvie formulation [106] presented by Bohlin et al. [107] 

F𝐽→𝐽+2
𝑘 = (1 + 𝑘2 (𝐽2+3𝐽+3)

𝜂
 )

2

(2.20) 

where k=𝐵𝑒
𝑘/𝜔𝑒

𝑘 represents the ratio between the rotational and vibrational

constants for the species, k, involved and 𝜂 = 𝛽0/𝑟𝑒𝛽1 is a correction term for the 

anisotropic polarizability at the equilibrium internuclear distance (𝑟𝑒).   

Finally, the Boltzmann population difference factor, |N𝐽+2
𝑘 − N𝐽

𝑘|, is

determined by the thermal Boltzmann population distribution presented in section 

2.1.3. These can be expressed as 

|N𝐽+2
𝑘 − N 𝐽 

𝑘 | = N ∙ 𝑔𝑛
𝑘 ∙ 𝑔𝑧 ∙ |𝜌𝐽+2

𝑘 − 𝜌𝐽
𝑘| (2.21) 

Figure 2.4 displays the imaginary part of the molecular response function (χ(3))

for room temperature N2, O2 and H2; the molecules of interest for the present   study. 

The temporal evolution of the rotational wave packet created by the impulsive 

excitation of these species is characterized by sharp features that appear 

periodically, therefore referred to as recurrence peaks. These peaks are created by 

the beating between cosine-shaped oscillations of individual J-states whose phase 

relation is locked by the well-defined time of the short fs-impulsive excitation 
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employed. At each revival, the axis of the molecules aligns with the direction of the 

electric field vector of the laser beam. The revival period is inversely proportional 

to the rotational constant of the molecule 𝑇𝑟𝑒𝑣 = ℏ/2𝐵.  As it can be seen, N2 and 

O2 display a rotational revival period of 8.38 and 11.60 ps respectively. In the case 

of hydrogen, this revival is much shorter and less defined in part because, at this 

temperature, only a few rotational states contribute to the molecular response. For 

comparison, Fig2.4(c) presents the temporal envelope of a sub-10 ps Gaussian-

shaped probe pulse (4.5 ps fwhm) which is offset in time with respect to the 

excitation pulse. As it can be seen, the molecular response can be probed within the 

first revival periods of the wave packet before it starts to decay. 

In the general picture, the coherence decay of the time trace is due to collisions 

that occur between the active and the perturber molecules. Shortly after the fs-

excitation pulse, however, other effects impact the decay, such as centrifugal 

Figure 2.4: Time-domain traces of the transient non-linear Raman response in fs/ps CARS. 

Rotational revival structure simulated for the molecules of interest in the present study: N2, O2 and 

H2. For comparison the temporal envelope of a simulated probe pulse of ~4 ps FWHM. The short 

duration of the probe pulse allows to generate the CARS signal during such a short window in time 

such that collisions with perturber molecules can be neglected. 
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distortion and frequency spread dephasing [108]. At atmospheric pressure, 

however, the primary cause of dephasing is the rotational energy transfer (RET) 

during inelastic collisions. This is induced by quadrupole-quadrupole interactions 

within the ensemble if considering homonuclear molecules [109]. This effect is 

included in Eq. (2.16) via the J-dependent collisional dephasing coeficient, also 

discussed in the frequency domain as Raman linewidth coefficients (Γ𝐽→𝐽+2
𝑘 ). In a

molecular ensemble composed of various species, these coefficients are computed 

as a weighted sum according to 

where Γ𝐽→𝐽+2(Mk − Mp) represent the dephasing coefficients of the radiator 

Mk, perturbed by the species Mp, and weighted by its mole fraction Xp. These 

coefficients also depend on the thermodynamic properties of the medium and are 

very sensitive to temperature.  

 Figure 2.5 displays the imaginary part of the molecular response function of 

room temperature N2 with and without including the self-perturbed Raman 

linewidths Γ𝐽→𝐽+2
N2 . Inelastic collisions impact the CARS signal in two ways. Firstly, 

Γ𝐽→𝐽+2
𝑘 = ∑ 𝑋𝑝 ∙  Γ𝐽→𝐽+2(Mk − Mp) 

𝑝
(2.22) 

Figure 2.5: Collisional dephasing of the impulsively excited coherent Raman molecular response . 

The single exponential decay of the Raman coherence of nitrogen at 293 K, is here caused by self-

perturbed N2-N2 inelastic collisions, simulated with coefficients obtained from Ref  [117](blue line).

After ~150 ps, the signal intensity has been reduced significantly. For comparison, the evolution of 

the Raman coherence when rotational energy transfer is neglected (grey line). 
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by dampening the signal intensity. Secondly, by changing the spectral shape 

because of the J-dependence of the dephasing coefficients. At atmospheric 

conditions, the effect of collisions can be neglected in the simulation of the CARS 

signal by probing the molecular response shortly after the impulsive excitation with 

the use of a short probe pulse delay. In this thesis, information about the dephasing 

rate of the pure-rotational N2 CARS signal is still relevant as it has been used to 

deduce the concentration of water vapor in a hydrogen flame (see chapter 5). 

 There are a number of references available where these coefficients can be 

obtained. Because of its importance in N2 CARS thermometry, studies have 

concentrated particularly on the effects of collisions between N2 and other perturber 

species. A few examples are nitrogen (N2-N2)  [110], carbon dioxide (N2-CO2) 

[111], water vapor (N2-H2O) [112], oxygen (N2-O2) [113], and hydrogen (N2-H2) 

[114]. In these cases, the Raman linewidths are obtained by the use of inverse 

Raman scattering or stimulated Raman scattering measurements in combination 

with dynamical scaling laws as a data fitting procedure. The most commonly 

employed scaling approaches used in the literature have been the energy-corrected 

sudden exponential law (ECS) and the modified exponential-gap law (MEG). In 

these models, the RET is calculated as a function of specific state-to-state transition 

rate constants. In the case of ECS, these constants are derived using the angular 

momentum coupling between two rotational energy states involved during the 

collision. On the other hand, the MEG model is based on the energy gap between 

the two states involved with the strong assumption that energy must be conserved.  

Unfortunately, these models have been mostly developed for isotropic Q-

branch transitions. To compute the linewidth coefficients for pure-rotational S- and 

O-branches, additional approximations are required. These coefficients can be

retrieved by invoking the rotational wave approximation [115] as follows

Γ𝐽→𝐽+2
𝑘 =

1

2
(Γ𝐽→𝐽

𝑘 + Γ𝐽+2→𝐽+2
𝑘 ) (2.23) 

A newer method to obtain the collisional dephasing coefficients for pure-

rotational Raman transitions is by directly measuring the coherence decay of each 

individual transition using time-resolved CARS [116,117]. This is usually done by 

sequentially delaying the ps-probe pulse versus the fs-excitation pulse (combined 

pump/Stokes pulse) and recording the decay of the time-resolved CARS spectrum. 

Such measurements can be favourably performed in a binary gas mixture using a 
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heated optical cell. Assuming isolated spectral lines, the Raman linewidth can be 

obtained from the following relation 

Γ𝐽→𝐽+2
𝑘 = (2πc𝜏𝐶𝐴𝑅𝑆,𝐽→𝐽+2)

−1
(2.24) 

Where c is the speed of light in cm/s and 𝜏𝐶𝐴𝑅𝑆,𝐽→𝐽+2 denotes the measured 

coherence decay coefficient. 

2.2.2 Temperature and species concentration sensitivity 

The pure-rotational CARS spectra are very sensitive to temperature and species 

concentration, and to extract the scalar information from an experiment, a non-

linear interpolation spectral fitting routine is used. This routine compares a recorded 

experimental spectrum against a library of pre-calculated spectra for the prevalent 

experimental condition. The temperature is decided from the spectrum in the 

precalculated library which is in best agreement with the experimental spectrum. 

The pure-rotational fs/ps CARS spectra are calculated with the Fourier 

transform of the time-dependent CARS electric field 𝐸𝐶𝐴𝑅𝑆(𝑡). For a given probe-

pulse delay, 𝜏,  𝐸𝐶𝐴𝑅𝑆(𝑡, 𝜏) is obtained as the product of the square root of the time-

varying probe-pulse intensity 𝐼𝑝𝑟 (which is measured) and the molecular response 

function calculated as in Eq. (2.16). The expression is the following: 

𝐸𝐶𝐴𝑅𝑆(𝑡 − 𝜏) = 𝜒(3)(𝑡) √𝐼𝑝𝑟(𝑡 − 𝜏) (2.25) 

In Figure 2.6, the normalized N2, O2, and H2 spectra simulated at 293 K, 1000 

K, and 2200 K are displayed to show how sensitive the CARS signal is to 

temperature. To compute 𝐸𝐶𝐴𝑅𝑆(𝑡, 𝜏), a transform-limited probe pulse of 6 ps fwhm

is used at a probe delay 𝜏 =10 ps. The S-branch spectrum of each of the three species 

is composed of equidistant spectral lines separated proportionally to the rotational 

constant of each molecule. The spacing between each of these spectral peaks is 

given by the quantized rotational energy calculated in Eq. 2.6 and the selection rules 

governing the rotational transitions. 
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The energy difference between two adjacent rotational levels (ΔE) can be expressed 

as 

∆𝐸 = 𝐸𝐽+2 − 𝐸𝐽 (2.26) 

∆𝐸 = (𝐽 + 2)(𝐽 + 3)𝐵 − 𝐽(𝐽 + 1)𝐵 (2.27) 

Thus, energy separation between adjacent rotational Raman transitions is 

consistently 4 times the rotational constant (4B). The varying intensity between 

even and odd transitions in Fig 2.6, is related to the nuclear spin statistical weight 

(𝑔𝑛
𝑘) included in the CARS model using Eq. 2.21. This factor is different for each

of the molecules, depending on their nuclear spin (𝐼) and if their total wavefunction 

is even or odd. Oxygen has an even number of protons and neutrons in its nucleus, 

resulting in a total nuclear spin of zero. Consequently, only transitions with ΔJ 

Figure 2.6: Sensitivity of pure-rotational CARS spectra to temperature. Spectra of N2, O2, and 

H2 are generated at three distinct temperatures of 293 K, 1000 K, and 2200 K. It can be seen how 

the spectra gets positioned at higher Raman shifts and more dispersed as a function of temperature. 
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being even are allowed, leading to the observed intensity ratio of 1 to 0 between 

each consecutive peak in the spectrum. On the other hand, nitrogen and hydrogen, 

with two identical nuclei (each with I=1/2), exhibit a nuclear spin of I=1. For N2, 

𝑔𝑛
𝑁2 = 6 for even and 𝑔𝑛

𝑁2 = 3 for odd J-number, so that the intensity ratio of even

to odd Raman transition strengths is 2:1. Similarly, the degeneracy for even and 

odd transitions in the H2 spectrum are  𝑔𝑛
𝐻2 = 1, and  𝑔𝑛

𝐻2 = 3, respectively. 

Temperature significantly modifies the spectral shape by positioning the 

distribution towards a higher Raman shift and making the spectral envelope more 

dispersed. This change follows the thermal Boltzmann population distribution of 

the rotational quantum states manifold discussed in section 2.1.3.  While N2 and O2 

present a similar spectral distribution located within ~0-500 cm-1, the H2 CARS 

Figure 2.7: Sensitivity of the pure-rotational CARS spectra to species concentration. Species 

mole fraction is extracted based on the intensity of the spectrum relative to N2. The sensitivity of 

various H2 concentrations is displayed with respect to air. In the inset, it is shown how the shape of 

the N2 spectrum is modified depending on the O2 concentration. Since the spectral lines of the two 

species (i.e. N2 and O2) slightly overlap, the irregular contour is a result of signal beating which 

changes as a function of probe pulse delay. 
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spectra span a significantly wider range between ~350-2200 cm-1. This makes the 

acquisition of the complete spectrum more challenging as the bandwidth of state-

of-the-art fs-laser systems is limited to excite transitions up to ~600 cm-1.  

The sensitivity to species concentration (Xk), on the other hand, is obtained from 

the relative intensity between the CARS spectra of the molecules involved. Since 

the N2 mole fraction in combustion conditions is nearly constant from reactants to 

products, concentrations are frequently assessed relative to this molecule. The 

relative intensity between the CARS spectra of Raman active molecules is given by 

the species-dependent polarizability anisotropy (𝛶𝑘) factors. In this thesis, the 

polarizability anisotropy values for N2, O2, and H2 are obtained from Ref. [118] and 

included in the time-domain CARS model using Eq. 2.17.  To illustrate the 

sensitivity of the CARS spectrum to concentration measurements of major species 

in H2 flames, Figure 2.7: shows the simulated pure-rotational S-branch spectrum of 

room-temperature air (i.e. 𝑋O2  /𝑋N2
= 0.25) in combination with various amounts of

H2 in the mixture such as 𝑋N2
 + 𝑋O2

 + 𝑋H2
=1.  For this simulation, the CARS signal

is generated for a gaussian probe pulse of ~6 ps-duration fwhm as this is the typical 

duration of a pulse generated using an SHBC. Similarly,  only transitions within 0-

600 cm-1 are considered. This corresponds to the approximate excitation bandwidth 

delivered in state-of-the-art fs lasers as the one employed in this thesis which 

typically produces pulses with a duration of around 35 fs.  As can be seen from the 

figure, using this probe pulse duration, the N2 (in black) and O2 (in grey) spectral 

lines are not well resolved due to the proximity of the rotational Raman transitions 

of both molecules. This gives rise to an irregular spectral shape which changes as a 

function of probe delay due to beating between the two signals. Nevertheless, this 

fact does not affect the retrieval of temperature or relative concentration of these 

two species. Moreover, in Fig 2.7(a) it is possible to see that for an equal amount 

of N2 and H2 in the gas mixture (i.e. 𝑋H2
/𝑋N2

=1) the H2 spectrum is significantly

stronger than the N2 one. This may be because in H2 rotational energy is distributed 

over a smaller number of quantum states. As a result, it is expected that the relative 

concentration of these molecules can be measured for a wide range of conditions 

using only S(0) and S(1) H2 transitions.  

 It should be noted that as the temperature increases, the population of the pure-

rotational H2 CARS spectrum is shifted toward higher energy states, and therefore 

relying solely on the S(0) and S(1) spectral lines for relative concentration 

measurements becomes increasingly challenging at temperatures exceeding 

approximately 1200 K. At such elevated temperatures, rotational energy is 
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distributed mostly over six energy states and transition S(3) dominates the rotational 

spectrum.  Nonetheless, in most of the combustion applications where H2 is used as 

a fuel, it gets rapidly consumed in the chemical reaction, and consequently, above 

this temperature its spectrum practically disappears. In this sense, one could argue 

that for such cases the use of these two transitions is sufficient to measure the entire 

evolution of H2 in flames. On the other hand, in specific applications in which H2 

is present at higher temperatures, for instance, towards the product gases of highly 

rich premixed flames, fs pulses with a significantly larger excitation bandwidth are 

required to retrieve reliable information from the pure-rotational H2 CARS 

spectrum. During the course of this thesis, I also contributed to the development of 

an ultrabroadband excitation for CARS with the use of fs-laser induced 

filamentation (Paper VI), used to excite up six rotational O-branch Raman 

transitions – from O(2) at 354 cm−1 to O(7) at 1447 cm−1 – using the same laser 

architecture described in chapter 3. However, this is not discussed in this 

framework. 
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Chapter 3

Development and validation of 

spatiotemporal CARS  

The CARS instrument architecture is designed with the goal of creating a compact 

and sturdy system that can withstand disturbances and vibrations on the test 

platform. The core of the system is composed of two principal modules: signal 

generation and signal detection. The generation of the one-dimensional CARS 

signal is achieved through the utilization of a single regenerative amplifier, which 

concurrently produces both pump/Stokes and probe laser beams providing 

automatic pulse synchronization at the probe volume location. On the detection 

side, a wide-field polarization-sensitive coherent imaging spectrometer is 

developed, allowing the fast image acquisition of the CARS signal. This chapter 

elaborates on each of these components, granting the reader a better understanding 

of the system’s capabilities for the investigation of H2 flames as well as other 

applications in reactive flows. Moreover, the evaluation of the instrument’s 

accuracy and precision is presented incorporating a benchmarking methodology 

designed specifically for spatiotemporal CARS. A more comprehensive overview 

of the system is outlined in paper I. 

Part of the results discussed in this chapter haven been published in papers I and 

VI 
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3.1 Two-beam 1D-CARS using a single regenerative 

amplifier  

The signal generation block is depicted in Fig. 3.1. It is primarily based on an 

ultrafast Ti:sapphire amplifier (Astrella, Coherent) which provides 7 mJ per pulse 

at a wavelength of 800 nm and operates at a repetition rate of 1 kHz. 

 In the Astrella Ti:sapphire amplifier, a train of mode-locked fs pulses is 

amplified using chirp pulse amplification (CPA). In this scheme, the “seed” fs 

pulses are first stretched in time by introducing group velocity dispersion (also 

known as chirping) to the pulse. This allows for attenuation of the pulse's peak 

power below ~10 GW/cm2 [119] whilst preserving the input beam's irradiance. 

Above this limit, the crystal would burn and can no longer act as a lasing medium. 

Additionally, non-linear effects such as Kerr lensing – intense coherent light would 

Figure 3.1: The ultrafast regenerative amplifier, SHBC and external compressor employed to 

generate synchronized femtosecond (fs) pump/Stokes and picosecond (ps) probe pulses for 1D-

CARS diagnostics. The half wave plate (HWP) controls the polarization orientation of the beams. 

A custom built 4f-filter provides flexible control of the spectral and temporal shape of the probe 

pulse. Cylindrical lenses (CL) are used to focus the beams to form a one-dimensional line image. 

To enable quick image acquisition, a polarization sensitive coherent imaging spectrometer equipped 

with a sCMOS camera detector is used.   
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modify the refractive index of a medium and consequently self-focuses in the 

material – could appear, further aggravating this situation. To amplify the seeding 

pulse, a pair of Pockels cells act as optical gates, confining the seeding pulse within 

a regenerative amplifier cavity until the desired gain is obtained after several round 

trips (~5-7). This cavity is pumped with an Nd:YLF ns-pulsed laser operating at a 

1 kHz repetition rate. Upon amplification, the beam leaves the cavity and is split 

into two portions, with 65% (4.5 mJ/pulse) being internally compressed and 

directed towards the SHBC unit to form a narrowband picosecond beam. The 

remaining 35% (2.5 mJ/pulse) is routed into an external compressor unit to shape 

the broadband femtosecond beam. The motivation behind splitting the beam before 

the internal compressor in this particular Astrella unit is to forestall additional 

stretching caused by splitting optics before the SHBC, thus ensuring optimal 

compression efficiency. As a result, this laser architecture generates two repetition-

synchronized beams: the first delivers narrowband pulses of ~ 4 ps duration (~1.2 

mJ/pulse) centered at 400 nm, while the second produces near-IR broadband pulses 

of about 35 fs duration (~2.5 mJ/pulse) centered at 800 nm. These two beams 

provide the pump, Stokes, and probe photos required to generate the CARS signal. 

In this CARS system, a two-beam phase matching configuration is adopted. 

This means that the pump and Stokes photons are supplied by a single broadband 

fs-laser beam, which intersects the narrowband ps-laser beam—serving as the 

probe—at an angle θ, as illustrated in Fig. 3.1. The path length difference between 

the two beams, is compensated with an optical delay line, and the relative arrival 

time is controlled by an automated translation stage which provides sub-10 fs 

resolution. A  half-wave plate combined with the polarizer are used to control the 

energy of each of the two beams. However, an additional half-wave plate is also 

introduced in each of the beams to control the relative polarization of the 

pump/Stokes beam with respect to the probe beam. 

On the opposite side of the signal generation block in Fig. 3.1, the detection 

system is depicted. It consists of a coherent imaging spectrometer designed to 

capture the laser-like CARS signal generated at the intersection of the two beams 

and to relay the 1D image from the probe volume to the camera detector plane.  In 

the following sections, specific details about the experimental set-up will be given. 

3.1.1 The pump/stokes excitation beam 

The main challenge in generating the pump/Stokes beam is to maintain the temporal 

shape of the pulse while it propagates to the measurement location. Ultrashort 
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femtosecond laser pulses are composed by a coherent combination of quasi-

monochromatic waves that add together forming the pulse. The propagation of a 

pulse through an optical medium incurs a modification of its spectral phase due to 

the differential velocities at which the constituent waves traverse the medium. In 

nearly all materials, shorter wavelengths propagate slower than longer wavelengths. 

This phenomenon is known as positive group delay dispersion (GDD) or positive 

chirp. This effect is detrimental to the CARS spectral response as the pulse is 

stretched in time and due to the time-frequency uncertainty relation, the 

instantaneous excitation bandwidth is reduced. For example, when a 10 fs laser 

pulse at a central wavelength of 800 nm passes through 4 mm of BK7 glass, it 

experiences a positive GDD getting stretched up to ~ 50 fs [120]. This represents a 

significant reduction of the available excitation bandwidth. This effect can be 

introduced by various optical components along the beam path and is especially 

pronounced when thick optical windows are used in enclosed combustors. 

Therefore, it is imperative to devise means of compensating for this effect in the 

design of the system. 

Figure 3.2: Effect of temporal chirp on the instantaneous excitation bandwidth. (a) 

Experimental autocorrelation of the fs pulse as measured by the non-resonant CARS signal of 

methane for various levels of chirp introduced using the external compressor unit. The region in blue 

denotes the spectral region impacted by the bandpass filter (BPF). The white dashed line identifies 

the condition of a near-transform-limited (TL) pulse. (b) Bandwidth of the optimized TL 

pump/Stokes excitation pulse represented by the non-resonant CARS spectrum of methane fitted to 

the time-domain CARS model. 
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The current setup compensates for the effect in question by deploying a folded 

grating external compressor. In this device, the temporal shape of the uncompressed 

amplifier output is tuned using a diffraction grating mounted in a tilt stage. By 

adjusting the stage motor, the relative orientation of the grating with respect to the 

beam trajectory is altered, allowing for an extended propagation distance of the low-

frequency component (red-shifted) of the pulse, thereby imparting a negative chirp. 

This allows a flexible compensation of the chirp arising along the optical path even 

when thick optical combustor windows are in place. The amount of negative chirp 

required to deliver the shortest pump/Stokes pulse at the measurement location can 

be determined by simply optimizing the excitation bandwidth provided by the 

pump/Stokes beam using the spectral intensity of the non-resonant CARS signal.   

A comprehensive evaluation of the external compressor performance when the 

pump/Stokes pulse is transported along thick optical materials is documented in 

paper IV. This study examines the impact of temporal chirp by performing 

autocorrelation measurements of the pump/Stokes pulse electric field. A numerical 

model is developed to simulate the non-resonant CARS signal which is utilized to 

quantify the instantaneous pulse duration as various levels of chirp are imparted, 

taking into consideration the quadratic phase terms of GDD. Figure 3.2, depicts the 

variations in the instantaneous bandwidth of the pulse as a function of the grating's 

position within the external compressor, along with the pulse duration calculated 

using the devised simulation model. Optimization of the pulse spectral phase results 

in a duration of 35 fs, as quantified through its full width at half-maximum. The 

negligible residual chirp attests to the transform-limited nature of the pulse, 

implying that its duration is optimized for the given laser spectral bandwidth. These 

results are also in line with the specifications provided by the laser manufacturer. 

The duration of this pulse guarantees the impulsive excitation of the N2

rotational manifold, the molecular species used for thermometry. The term 

"impulsive" is used when the duration of the pump/Stokes laser pulses is roughly 

one-tenth of the rotational period of the probed molecule. Laser pulses with a 

duration of  50 fs or less are thus required to impulsively excite N2, which has a 

rotational period of approximately  500 fs. The O- and S-branch pure-rotational 

transitions (ΔJ=±2) are driven with equal efficiency by this mode of excitation, 

thereby preserving the thermodynamic properties of the medium. This also results 

in augmented signal intensity, as the phase-aligned oscillations of the probed 

molecules contribute to the instantaneous signal build-up upon the establishment of 

molecular coherence. 
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The broad spectral bandwidth of this pulse also represents a distinct advantage 

in probing rotational Raman transitions of various species of interest within high-

temperature combustion environments. As illustrated in Figure 3.2(b), the 

pump/Stokes bandwidth expands up to approximately 600 cm-1, enabling the 

coherent excitation of N2, O2, and even the first two pure-rotational transitions of 

H2, located at  383 cm-1 and 587 cm-1, respectively.   

3.1.2 The probe beam 

The probe beam is formed by compressing the bandwidth of one of the regenerative 

amplifier’s outputs using a commercially available SHBC (Light conversion). In 

this unit, a sum-frequency generation (SFG) is created through the combination of 

phase-conjugate chirped portions of the initial femtosecond beam in a β-Barium 

Borate (BBO) crystal. In this process, a narrowband ps-pulse (~5 ps FWHM) is 

produced at a 400 nm wavelength with ~30 % conversion efficiency. The use of 

SHBC probe pulses for CARS imaging offers some advantages over traditional 

picosecond laser sources. Specifically, the short duration of the pulses (i.e. < 10 ps) 

enables to resolve the evolution of the rotational coherence even in pressurized 

environments in which collisional dephasing is pronounced [82]. Additionally, the 

utilization of a 400 nm wavelength instead of the 532 nm (2nd harmonic of nd:YAG 

laser) employed in most of the existing CARS systems enhances the signal quality, 

as evidenced by the improved spatial resolution and a more efficient scattering 

mechanism.  

 The increased spatial resolution is related to the superior focusing properties 

of the 400 nm wavelength of the beam. The smallest size that a laser beam may be 

focused on without losing coherence is known as the diffraction limit. This limit 

sets the upper bound on the achievable spatial resolution for a laser diagnostics 

technique which is defined by the size of the focused beam waist. The diffraction 

limit (d ) is directly dependent on the laser wavelength (𝜆) as follows [46]: 

𝑑 =
2𝜆𝑓

𝐷
(3.1) 
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Where f represents the focal length of the lens which is used to focus the beam and 

D, the beam diameter incident on the lens, assuming a Gaussian amplitude 

distribution of the beam. Other factors such as optical aberrations and laser beam 

quality can affect the final focus spot size and consequently, the spatial resolution. 

The beam waist in the developed system is measured to be near the diffraction limit 

(<30 μm). Following the expression given in Eq. (3.1), this is about 25% smaller 

than the one that would be obtained with a 532 nm laser with the same optical 

configuration.   

The use of a 400 nm probe pulse, also provides an enhancement in the CARS 

signal strength. This occurs as a result of the Raman cross section's strong 

dependence on the wavelength of the probe electromagnetic field. The Raman 

cross-section defines the efficiency of probe pulse scattering by the molecular wave 

packet created in the gas mixture. It is proportional to the reciprocal of the second 

power of the wavelength, such that σR ~1/ λ2. Figure 3.3 illustrates the dependence 

of the Raman cross-section on different wavelengths of the visible electromagnetic 

spectrum. The signal intensity is found to be considerably higher for shorter carrier 

wavelengths. By utilizing an SHBC, it is expected that the signal strength obtained 

would be at least three times greater compared to that acquired from traditional 

Nd:YAG picosecond laser sources. This offers a significant advantage in 

performing CARS imaging in flames, particularly in this setup where a single 

Figure 3.3: Variation in Raman cross-section as a function of probe pulse wavelength within 

the 400nm to 800nm range. The 400nm ps-duration pulse, produced by the SHBC, exhibits a notable 

increase in Raman cross-section compared to the commonly employed 532nm wavelength in CARS 

spectroscopy 
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regenerative amplifier laser is used to generate both pump/Stokes and probe laser 

beams, requiring high signal generation efficiency. 

Albeit its potential advantages, the utilization of an SHBC in CARS

spectroscopy also entails several challenges that must be taken into account.  One 

such challenge is related to the constraints on output pulse power. The SHBC unit 

can be pumped with a maximum of 4.5 mJ per pulse before reaching saturation of 

the SFG crystal. Given the SHBC conversion efficiency, the resulting maximum 

power attainable with the developed configuration is approximately 1.2 mJ/pulse. 

Another constraint is associated with the emergence of undesired spectral 

sidebands, which result from non-linear chirp induced within the SHBC stretcher. 

While the intensity of these sidebands is significantly weaker than the fundamental 

spectral peak of the pulse, it is equivalent to the strength of the CARS signal. If not 

suppressed, the sidebands interfere with the CARS spectra, precluding meaningful 

quantitative determination of scalars in flames.  In this thesis, I faced this challenge 

by removing these undesired spectral peaks implementing an unfolded 4-f pulse 

shaper as depicted in Fig. 3.4.     

A 4-f shaper is an optical device that manipulates the spectral and temporal 

properties of ultrashort laser pulses by employing a Fourier transform and a filtering 

element. In this custom-built device, a high-resolution grating in transmission (3040 

grooves/mm) is used to spatially disperse the picosecond laser beam. The dispersed 

light is imaged at the Fourier plane by a cylindrical lens (f:300 mm) located 300 

Figure 3.4: The 4-f pulse shaper used to filter the spectral sidebands in the probe pulse. The 

set-up is composed by a pair of transmission gratings oriented at Littrow angle, two cylindrical lenses 

(CL) and a slit which controls the pulse bandwidth.
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mm away, thus providing independent control over the spatial and spectral 

components of the beam. An adjustable mechanical slit mounted in a two-axis 

translational stage is then used to selectively filter the spatially-distributed 

sidebands, allowing only a narrow portion of the fundamental probe spectral peak 

(located at 402.3 nm) to pass through. As a consequence, the resulting pulse is 

stretched in time and its duration can be tuned accordingly by changing the width 

of the slit. Subsequently, a second cylindrical lens collimates the filtered probe 

pulse, and a second grating in transmission recombines the spectral components to 

generate the beam with the desired spectral and temporal characteristics.  

The use of dispersion elements with high diffraction efficiency (>90 %) results 

in a filtering process with reduced losses. Probe pulses with a power output ranging 

between 300 and 400 µJ per pulse are thus produced, which prove to be adequate 

for CARS imaging in flames. It is worth noticing that the quality of the signal could 

be significantly improved by exploiting all the power available before the pulse is 

filtered at the 4-f pulse shaper (i.e. ~1.2 mJ/pulse). However, in such case the effect 

of the spectral sidebands on the signal must be included in the time-domain CARS 

model to obtain reasonable agreement between the experimental and the simulated 

CARS spectra. The additional power output provided by the probe beam side  bands 

would provide numerous benefits, such as improving the signal-to-noise ratio at 

flame temperatures (above 2000 K), where the CARS signal intensity is 

significantly damped or when multiprobe schemes are required to measure the 

signal in the time-domain. In chapter 4, I attempt to include the effect of sidebands 

in the CARS model by carrying out a comprehensive characterization of the spectral 

phase of the probe pulse. 

3.1.3 The probe volume 

Once the spectral and temporal characteristics of the degenerate pump/Stokes and 

the probe pulses have been tailored, both beams are crossed at the measurement 

location forming the probe volume (Fig. 3.4). The size of this volume defines the 

spatial resolution of the system which, for 1D-CARS, can be approximated to an 

elliptic cylinder of height L,  width Dw, and length Dz. The height of the probe 

volume represents the image field of view (FOV) and is tuned accordingly to ensure 

a sufficient signal-to-noise ratio at flame temperatures. The height of the line is 

compressed to increase the signal strength by enhancing the irradiance of the beam. 

This is achieved using a pair of cylindrical lenses with their focusing axes oriented 

perpendicular to each other and separated at an arbitrary distance Δ𝑥𝐶𝐿. The first 

lens focuses the beam along a vertical line while the second one compresses the 
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length of this line to increase the irradiance of the beam. Figure 3.4(b) shows the 

radial intensity distribution of the probe beam measured using a beam profiler 

camera (DataRay) positioned at the location where the beams cross. This 

distribution is then analyzed to characterize the height and width of the probe 

volume, yielding L~1.5 mm and Dw=22 μm as measured by 1/e2.  

Furthermore, The longitudinal extent of the probe volume is approximated by 

calculating the interaction length (Dz) between the excitation and probe laser beams 

as 

𝐷𝑧 =
𝐷𝑤
sin 𝜃

(3.2) 

Where 𝜃 is the crossing angle between the two beams and Dw=22 μm represents 

the waist of the pump/stokes beam along which the CARS signal is built. A crossing 

angle of 3 degrees is implemented for the majority of the experiments conducted in 

this thesis as it provides an optimal trade-off between phase mismatch, signal 

intensity, and spatial resolution. Consequently, the longitudinal extent of the probe 

volume is determined to be Dz~0.6 mm using Eq.(3.2). This probe volume 

dimension is the most sensitive to spatial averaging effects and thus needs to be 

optimized accordingly for the required application. While this requirement may be 

relaxed in laminar flames owing to the uniformity of the flow, a short interaction 

Figure 3.4: (a) Illustration of the probe volume shape created by the interaction of the probe 

and pump/Stokes laser beams (b) Probe beam cross section measured by a beam profiler camera 

placed at the beams crossing location. The false colour code displays the normalized intensity 

distribution used to calculate the width and height of the probe volume.  
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length is necessary when turbulence is present due to the rapid fluctuations between 

burnt and unburnt reactants inside the probe volume.  

3.2 Coherent imaging  spectrometer 

The 1D-CARS signal generated at the probe volume is detected in a custom-built 

slitless spectrometer depicted in Fig.3.5. This device is designed to detect the 

spatiotemporal CARS signal, with the sufficient spectral and imaging resolution 

required to resolve steep temperature gradients and species mole fractions typically 

found across laminar and turbulent flame fronts. The spectrometer is composed of 

a ~1:1 magnifying telescope built from two achromatic spherical lenses (f=400 mm) 

combined with a transmission grating  (~3040 l/mm, Ibsen Photonics) which relay-

image the dispersed CARS spectra onto the camera detector (Zyla 4.2, Andor). 

Since the spectral range of the pure-rotational CARS signal is in close vicinity of 

the probe beam wavelength, the probe beam needs to be rejected before the detector 

plane. This is performed by the angle-tuning of a bandpass filter (BP) from 

Semrock.  

An important novelty in this spectrometer is the first implementation of an 

sCMOS (scientific-grade complementary metal-oxide-semiconductor) sensor 

without an intensifier to detect the 1 kHz imaging CARS signal. CARS 

spectrometers have traditionally been outfitted with CCD (charge-couple device) 

camera sensors, which enable a high quantum efficiency (>95%) while keeping a 

relatively low noise level. These sensors work by converting light into electrical 

charge, which is then transferred across the chip in a multi-step process including 

the sequential transfer of charge from one pixel to the next thus leading to relatively 

slow acquisition rates (~Hz). To achieve higher sampling rates (~ kHz) a reduced 

portion of the sensor can be exposed, however, limiting its use to point-wise spectra. 

In contrast, CMOS sensors include independent amplifiers and readout circuits for 

each pixel. Its independent pixel-level readout capability enables simultaneous and 

parallel processing of many pixels, leading to faster acquisition rates. Additionally, 

these sensors can be designed with a rolling shutter, which allows the readout of the 

sensor to occur continuously during exposure to light, thereby making it possible to 

acquire single-shot images at kHz rate. These capabilities have significant 

implications for both image and temporal resolution. 
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 In this spectrometer, a central portion of the sCMOS sensor, comprising 200 x 

2048 pixels, is selected to detect the signal. This enables the synchronization of the 

camera with the femtosecond amplifier to acquire the 1D-CARS signal at a 1 kHz 

frame rate. As an example, Fig. 3.5(b) shows a single-shot CARS image acquired 

across the flame front of a laminar premixed CH4/air flame. The dispersed CARS 

spectra are resolved along the horizontal dimension of the sensor with a resolution 

of 0.3 cm-1/pixel for Raman transitions within the ~0-600 cm-1 range. The vertical 

dimension is binned every two pixels and serves as a spatial map, containing 100 

spatially correlated spectra per single shot image.  The maximum number of images 

that can be collected per dataset is determined by the internal memory capacity of 

the camera, with up to 1000 single-shot images obtainable for a 200 x 2048 pixels 

image.   

Figure 3.5: (a) The polarization-sensitive coherent imaging spectrometer designed to detect the 

one-dimensional CARS image at 1 kHz acquisition rate. Two distinct detection channels for P- and 

S- polarized light are relay-imaged from the signal generation to the sCMOS detector plane. (b) A 

single-shot CARS image recorded across a laminar CH4/air flame front. CL - cylindrical lens, HWP

– half-waveplate, BPF – bandpass filter, TG – transmission grating, SL – spherical lens.
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Another unique feature of this spectrometer design is its polarization 

sensitivity. This spectrometer is composed of two independent detection channels 

with the capability to distinguish between  S- and  P-polarized signals. This is 

achieved using a combination of two 400 nm half-wave plates and a thin film 

polarizer (Eksma optics) as depicted in Fig. 3.5 a. A  half-wave plate (HWP2) aligns 

the polarization of the cross-polarized signals to the transmission axis of the 

polarizer.  The S-polarized signals are transmitted and directed to the camera 

detector, forming channel 1. Meanwhile, the P-polarized signals are reflected by 

the polarizer and redirected to the same camera detector using a mirror, thus 

creating channel 2. The second half-wave plate (HWP3),  is mounted on the channel 

2 to turn from P- to S-polarization, ensuring the maximum grating transmission 

efficiency.   

3.2.1 Polarization sensitivity 

The polarization sensitivity of the spectrometer played a crucial role in the 

development of this thesis. In CARS, the best signal efficiency is achieved when 

the polarization of the pump/Stokes and the probe beams are oriented parallel to 

each other. However, for certain applications, it is convenient to control the 

polarization state of the resonant and non-resonant components of the CARS 

spectrum. This can be achieved by arranging the relative polarization orientation of 

the input laser beams.  

The theory of polarization control for rotational CARS relies on the model of 

the non-linear optical response of anisotropic media developed by Owyoung et al. 

[121] and was first implemented in rotational CARS by Vestin et al. [122]. A

detailed description of the model employed in this thesis is discussed in the

supplementary material of paper IV. In this model, the polarization  angle of the

resonant (β) and no-resonant (γ) components of the CARS signal with respect to the

excitation beam is given by:

tan β = (1 − 2𝜌) tan𝛼 (3.3) 

tan 𝛾 =
1

3
tan𝛼 (3.4) 

Where α denotes the relative orientation of the polarization of the probe beam with 

respect to the pump/Stokes, and 𝜌 is the depolarization ratio of the Raman active 

molecules, which depends on the symmetry of the nuclei' molecular motions. 
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 In this thesis, the polarization control of the CARS signal was a key to the 

development of the following  publications: 

1. Firstly, it is introduced in paper I, to generate an efficient stray light

rejection for accurate 1D CARS thermometry. In the two-beam phase-

matching scheme, the probe beam propagates in a direction similar to that

of the CARS signal. Since the probe beam pulse is orders of magnitude

stronger than the CARS signal, efficient suppression of the probe beam is

essential to prevent scattered light from damaging the camera detector and

contaminating the signal. This suppression is achieved by generating the

resonant CARS signal with a polarization state oriented perpendicular to

the probe beam, allowing to separate them before reaching the camera

sensor. There is, however, a trade-off between the effective suppression of

the probe beam and the efficiency of CARS signal generation. A relative

polarization angle of 50° between the pump/Stokes and the probe beam

results in 100% suppression of the probe beam in the spectrometer, but this

comes at the cost of approximately 40% efficiency loss in the CARS signal.

Conversely, rotating the polarization of the probe beam by 30° relative to

the pump/Stokes results in a 30% suppression of the probe, with only a 20%

efficiency loss in the CARS signal. Thus, different polarization ratios

between the beams can be adjusted for each experiment depending on the

required signal-to-noise ratio.

2. Secondly, the polarization-sensitivity of the spectrometer is employed in

papers III and IV  to provide in-situ referencing of the impulsive excitation

efficiency in flames. In CARS thermometry, the non-resonant signal is a

crucial reference to map the finite bandwidth of the excitation field and the

transmission efficiency along the spectrometer optical path. The in-situ

acquisition of the non-resonant signal as opposed to traditional ex-situ

referencing protocols is particularly important to account for shot-to-shot

pulse dispersion effects occurring when the ultrashort excitation pulse

propagates through the flame. In these two papers, the concurrent detection

of resonant and non-resonant CARS signals generated in-situ in the flame

is demonstrated for the first time. This is achieved by controlling the

relative polarization angle of the resonant and non-resonant signals

allowing them to be detected simultaneously using a single spectrometer.

By rotating the polarization of the probe beam 67.5° relative to the

vertically polarized pump/Stokes beam, orthogonally polarized resonant

and non-resonant CARS signals can be simultaneously detected in channel

1 and channel 2 of the spectrometer, respectively.
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3. Finally, this feature  is also discussed in papers V and VI to perform single-

shot measurements of temperature and water vapor mole fraction in a

turbulent H2 diffusion flame. In this case, the spectrometer was employed

to measure the dephasing of the N2 CARS signal by simultaneously

detecting the cross-polarized resonant CARS signals generated at two

distinct probe delays.

3.2.2 Imaging resolution 

The imaging resolution indicates the smallest image detail that the spectrometer 

optical system can form. A poor image resolution translates into systematic errors 

of the measured scalar as a consequence of spatial averaging effects along the field 

of view. It should be noted, however, that imaging and spatial resolution are related 

but distinct concepts in 1D-CARS. Spatial resolution refers to the smallest feature 

that can be measured by the system perpendicular to the measurement line. It is 

therefore defined by the width and length of the probe volume. Imaging resolution, 

on the other hand, refers to the quality of the signal retrieved by the detection 

system.  It is a measure of how well the spectrometer can capture step gradients 

across the one-dimensional image generated in the probe volume. The imaging 

resolution thus depends directly on the magnification of the telescope, diffraction 

and aberration effects of the optical components employed, as well as the fidelity 

of the detector array which is given by the pixel size. 

The image resolution of the coherent imaging spectrometer is estimated by the 

line spread function (LSF). This is a mathematical function that describes the 

response of an optical imaging system to a line-shaped object. To calculate it, a 

CARS signal is generated in room-temperature N2. Then, a knife-edge is introduced 

at the probe volume location, creating a sharp straight discontinuity in the CARS 

image, as shown in Fig. 3.6(a). For this purpose, the intensity of both laser beams 

has to be significantly attenuated to avoid damaging the knife-edge target. This edge 

is then relay-imaged on the camera detector using the 1:1 imaging telescope on the 

spectrometer. Figure 3.6(b) shows the single-shot line intensity profile measured 

across the image FOV, which corresponds to the edge response function (ERF). As 

it can be seen, only ~3-4  pixels are required to rise from 10% to 90% of the 

maximum signal intensity. Finally, the LSF is obtained from the numerical 

derivative of the edge response curve (Fig. 3.6(c)). This yields an LSF of ~ 20 μm 

fwhm in the object space. 
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The study conducted in section 1.2.1 revealed that spatial averaging effects can 

considerably influence the retrieval of the flame-front contour when the imaging 

resolution is inadequate to resolve high temperature and species concentration 

profiles. A resolution of at least 20 µm is necessary to avoid systematic bias on the 

scalar retrieval in premixed laminar H2/air flames. Given the resolution capabilities 

of the developed instrument, it is fair to say that it is capable of performing high-

fidelity measurements in combustion environments with significantly sharp scalar 

gradients, including those involving both hydrocarbon and hydrogen flames. 

3.2.3 Dynamic Range 

The dynamic range of a coherent imaging system refers to the ability to capture and 

resolve a wide range of signal amplitudes simultaneously. In CARS spectroscopy, 

a high dynamic range is essential to detect the coherent Raman spectra generated in 

flames, as changes in temperature and molecular concentration cause significant 

variations in the signal intensity. The sCMOS detector employed in the developed 

spectrometer has a 16-bit digitalization depth which means that it can detect up to 

65,536 distinct levels of brightness with a linearity of ~99%. For some applications, 

however, this may not be sufficient, and hence other strategies must be 

implemented to extend the spectrometer's dynamic range. 

Figure 3.6: Experimental determination of 1D-CARS imaging resolution. (a) A knife-edge is 

introduced into the probe volume, positioned perpendicular to the vertical axis of the laser beam. (b) 

The edge response function is obtained by measuring the 1D-CARS intensity profile across the FOV 

after introducing the edge. (c) The line spread function, calculated from the numerical derivative of 

the edge response curve, reveals a spatial resolution of approximately 20 µm fwhm. 
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One of the main challenges in 1D-CARS thermometry is to measure both hot 

and cold temperatures simultaneously within the image field of view. This is a 

situation frequently encountered across flame fronts in laminar and turbulent 

reacting flows where temperature gradients are often steep. At short probe delays, 

the strength of the CARS signal at room temperature (292 k) is about 3-4 orders of 

magnitude higher than that in the flame (>2000 K). The dynamic range of the 

detection system is not sufficient to capture these gradients and low-temperature 

signals usually saturate the camera sensor. Some of the methods that have been 

employed to increase the dynamic range of the spectrometer include the 

development of dual-channel detection schemes in which two different camera 

sensors are deployed to detect the signal generated from hot and cold locations in 

the flame independently [123]. Other schemes, make use of cylindrical optics to 

spread point spectra vertically on the camera sensor, reducing the signal irradiance 

per pixel. For CARS imaging, however, the most suitable way to defeat the dynamic 

range limitation is to use a dephasing balance detection. 

In the balance detection scheme, the J-dependence of the collisional decay of 

the Raman coherence is used to optimize the dynamic range of the temperature 

measured across the flame front. The intensity of pure-rotational CARS  spectra 

generated at low temperatures decay at a faster rate as compared to that generated 

at high temperatures in the flame. By increasing the probe pulse delay low and high-

temperature signals can be equalized and therefore acquired within the 16-bit 

dynamic range of the sensor. To achieve this, a probe delay of ~30-40 ps needs to 

be introduced in the configuration developed in this thesis.  

In addition, the dynamic range is also critical for measuring the coherence 

decay of the CARS signal. In this thesis, I propose to use information about the 

dephasing rate of the N2 CARS signal to deduce the concentration of water vapor. 

To achieve sufficient sensitivity, the CARS signal should be acquired along a 

significantly large range of probe delays of 0-300 ps, resulting in a dynamic range 

spanning six orders of magnitude in signal level. I extended the dynamic range of 

the signal detection using a detuned dual probe approach (see chapter 6). This 

approach enables to probe the molecular coherence simultaneously at ∼20 and 

∼250 ps on the basis of a single-laser-shot, recording the resulting signals in two

distinct detection channels of the spectrometer. By controlling the pulse power of

each of the probe pulses independently the intensity of both signals can be

equalized.
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3.3 Correlated space-time resolution 

The capabilities of the system to measure scalars with correlated space-time 

resolution were demonstrated by measuring simultaneously temperature and 

relative O2/N2 mole fraction across an unstable laminar premixed methane/air 

flame-front. To mitigate the impact of spatial averaging along the direction of the 

laser beam propagation, the flame was stabilized using a cylindrical bluff body 

placed above the burner rim, which generates a two-dimensional flame geometry. 

In this configuration, a nozzle feeds the combustible mixture (Φ=0.9) with a bulk 

velocity of ~1.3 m/s, ensuring the laminar regime. The resulting flame front has a 

relatively flat structure and comprises a narrow layer of ~500 μm in which the 

whole progression of the combustion reaction occurs.  A dataset composed of 1000 

single-shot 1D-CARS images was acquired across this region (~1.4 mm field-of-

view) to resolve the progression of the combustion reaction. The corresponding 

temperature and O2/N2 mole fraction were obtained by fitting the experimental 

spectra to a two-dimensional library (temperature vs O2/N2 concentration) 

generated using the time-domain CARS model discussed in section 2.2.  

The cinematographic evolution of temperature across the flame-front is 

displayed in Fig. 3.7. With the available spatial resolution, it was possible to capture 

instantaneously the temperature progression of the reaction, spanning from ~300 K 

in the reactants up to ~2200 K in the product gases. Additionally, the correlated 

space-time resolution obtained in this CARS scheme proved to be sufficient for 

tracking the position of the flame front at any moment in the course of the 

experiment. Harmonic oscillations of temperature are observed, corresponding to a 

frequency of ~13 Hz. These oscillations are caused by physical perturbations of the 

flame emerging from the interaction between hot combustion products and the air 

at ambient temperature surrounding the flame. In Fig. 3.8 the results obtained from 

the chemiluminescence study discussed in section 1.2.3 and performed on the same 

flame are presented again along with the temporal evolution of temperature and 

O2/N2 mol fraction at an arbitrary spatial position within the flame-front for a 

sampling period of 0.5 seconds. As can be seen, the temperature fluctuations 

measured by using 1D-CARS resemble the flickering motion of the flame-front 

observed by the chemiluminescence study. This is further confirmed by the O2/N2 

mole fraction response which as expected presents a strong negative correlation to 

the temperature. These fluctuations might induce significant uncertainty in the 

evaluated temperature due to the steep gradients in the flame front. 
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Figure 3.7: Spatiotemporal map of the temperature evolution across a laminar premixed 

CH4/air flame. Temperature statistics are measured at a distance XN conditional to the flame ignition 

point. 

Figure 3.8: Harmonic oscillations of the flame front induced by unstable boundary conditions. 

(a) Spatial shift of the flame position measured using high speed chemiluminescence (b) Correlated 

temperature and O2/N2 concentration evolution obtained at an arbitrary fixed position on the reaction 

zone of the flame using spatiotemporal 1D-CARS.
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When temperature statistics are evaluated at a fixed position above the burner rim 

(as in point-wise CARS) single-shot precision is significantly harmed. This 

happens, because in such cases, fluctuations in the flame-front position are not 

considered. To show this effect, Fig. 3.9(a) presents the assessment of the discrete 

probability density function (PDF) obtained at three arbitrary fixed positions within 

the flame front; the first one is located in the preheat zone at �̅�=400 K, the second 

one at the reaction zone (�̅�=1380 K) and the last one in the product gases (�̅�=1711 

K).  When the temperature is measured within the homogeneously distributed 

product gases, the influence of the flame flickering motion is minimal, and a 

relatively low standard deviation of ~2.5% is obtained.  However, regions with 

steep temperature gradients (such as the reaction and preheat zones of the flame) 

yield a much wider spread in the probability density function (PDF) and thus a 

worst single-shot precision (12.5% and 16%, respectively). To improve the way 

single-shot precision of temperature measurements is obtained in such regions, it is 

necessary to use a more advanced methodology that takes into account physical 

fluctuations in the flame front position. 

Figure 3.9: Probability density functions of 1000 single-shot CARS images evaluated using (a) 

point-wise statistics at three fixed spatial positions within the field of view and (b) conditional to the 

flame ignition point. 

A

A
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In this thesis, the single-shot precision of temperature measurements is 

evaluated using a conditional statistical analysis that takes into account the 

harmonic oscillations of the flame. In this approach, temperature statistics are 

deduced relative to the flame ignition point defined, in the scope of this thesis, as 

the measurement point yielding the closest temperature to 1150 K. This value 

corresponds to the inflection point of the temperature profile across the reaction 

layer of the flame simulated using the CHEM1D numerical code. Figure 3.9(b) 

provides a discrete probability density distribution of 1000 samples for three 

different positions (x1=-220 μm, x2=65 μm, and x3=220 μm), where the mean 

temperature is approximately the same as the three points previously discussed 

through point-wise statistics. The conditional statistical analysis leads to a 

significant improvement in the single-shot precision, particularly in the reaction 

zone, where the standard deviation reduces from 12.5% to approximately 1.6%. The 

remaining source of uncertainty in the single-shot precision analysis stems from 

shot-to-shot fluctuations on the instantaneous excitation bandwidth of the 

pump/Stokes pulse as well as from background noise detected at positions within 

the CARS image with low signal-to-background ratio, such as in the high-

temperature product gases of the flame. In the central portion of the image, which 

exhibits the highest excitation efficiency and probe beam intensity, the precision of 

the current measurements is estimated to be approximately 0.7%.  

Similarly, the systematic error associated with CARS measurements is 

determined by evaluating the mean temperature ~220 μm conditional to the flame 

Figure 3.10: Conditional statistical analysis comparing the single-shot 1D-CARS temperature 

profile (depicted by red dots) against the CHEM1D model (depicted in black). The measurement 

uncertainty is assessed at a specific distance, denoted as xn, relative to the flame’s ignition point, 

corresponding to ~ 1150 K. 
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ignition point.  This value is then compared to the temperature expected for the 

specific flame conditions (equivalence ratio=0.9) calculated using CHEM1D (Fig. 

3.10). As a result, the accuracy of the measurements is estimated to be ~2.5 %. The 

main contribution to this inaccuracy in this analysis arises from the uncertainty in 

the settings of the rotameter employed to control the fuel and oxidizer streams, 

resulting in slightly different conditions than those simulated by the numerical code. 
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Chapter 4 

Spectral-phase characterization of 

SHBC picosecond pulses   

The present chapter describes efforts to improve the performance of the fs/ps CARS 

system for flame diagnostics through a detailed spectral and phase characterization 

of the probe pulses. While the use of second-harmonic-bandwidth-compressors 

(SHBC) to generate narrow-band picosecond pulses offers significant advantages 

for efficient CARS generation, the reduction in pulse energy after filtering 

undesired spectral side-bands in the 4-f pulse shaper can introduce a systematic bias 

in flame thermometry. This bias arises from shot-to-shot noise fluctuations 

affecting spectra with low signal-to-background ratio. For instance, when the 

CARS signal is acquired in flames using a field of view larger than ~1.5 mm and 

when measuring the dephasing of the CARS signal at long probe delays. To address 

this issue, I developed a novel methodology to perform autocorrelation 

measurements of ps laser pulses using the non-resonant CARS signal. The 

measured spectrochronographic properties of the pulse are incorporated into the 

time-domain CARS model allowing operation without the 4-f pulse-shaper. The 

resulting synthetic CARS model accurately renders the additional modulation of 

the experimental spectra caused by the spectral sidebands, allowing for successful 

thermometry as shown by the experiments performed in a flow of N2 and H2 at 

room temperature.  
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4.1 The use of SHBC for CARS spectroscopy 

In recent years, the use of SHBC to generate narrowband ps-pulses is taking hold 

in non-linear spectroscopy applications, owing to its simplicity, robustness, and 

relatively large conversion efficiency (~30%). Since the first proof-of-concept of 

this methodology [124] it has been extensively used in several laser diagnostics 

techniques including sum-frequency generation [125], stimulated Raman scattering 

[126] and in particular for hybrid fs/ps CARS.

In particular, this approach allows hybrid fs/ps CARS measurements to be 

performed with a single laser source, overcoming previous limitations of filtering 

shaping techniques that have generally resulted in prohibitively low probe energy. 

Kearney et al. [92] were the first to use an SHBC to produce ps-duration pulses for 

Figure 4.1:  Schematic representation of the Second Harmonic Bandwidth Compression 

process. a) Optical setup: blue and red lines depict positively and negatively chirped beams generated 

by pulse stretchers 1 and 2, respectively. Index D1 and D2 represent the offset distance between the 

grating and the lens focal point which introduces the conjugated chirp between the beams. The pulses 

are synchronized in time using a delay line and then spatially overlapped at the Beta Barium Borate 

(BBO) crystal, producing the probe pulse. The optical components include Cylindrical lenses (CL1, 

CL2), Beam splitter (BS), Mirrors (M1, M2), and Reflection grating (RG). b) Sum frequency 

generation using oppositely chirped pulses: Ideal linearly chirped pulses on the left and pulses with 

non-linear chirp on the right. 
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flame diagnostics in pure-rotational hybrid CARS. Using a broadband 100 fs-

duration input pulse, a 5.4 ps fwhm probe centered at 400 nm was produced with 

energies as high as 1.1 mJ/pulse. This allowed to have auto-synchronized pump, 

Stokes, and probe pulses generated at kHz repetition rate. Since then, several 

platforms have made use of this pulse shaping technique, especially for a flame 

[127] and plasma diagnostics [128] as well as in high-pressure (1-70 atm) gas-phase

applications where sub-10 ps pulses are required due to the fast decay of the N2

molecular coherence at these conditions [129]. One of the downsides of using

SHBC, however, is the residual chirp that may remain in the compressed probe

spectrum, preventing meaningful comparison between the experimental results and

the simulated spectra.

In the SHBC unit employed in this thesis, sum-frequency generation is carried 

out by combining two femtosecond pulses with phase conjugate linear chirps in a 

non-linear Beta-Barium Borate (BBO) crystal. To generate the conjugated chirp 

pulses, the transform-limited femtosecond beam generated at the compressed 

output of the Astrella amplifier is split into two parts of equal energy. The maximum 

pulse energy of the input pulse should not be larger than ~4,5 mJ at 1 kHz repetition 

rate in order to avoid saturation and further damage of the BBO crystal. Each 

portion is directed to a folded 4-f pulse stretcher, composed of a single diffraction 

grating in reflection, a pair of cylindrical lenses, and two retro-reflector mirrors 

placed at the Fourier plane of each cylindrical lens. As shown in Fig. 4.1, positive 

(indicated in blue) and negative (indicated in red) chirp is imparted to the pulses by 

varying the distance (D1 and D2, respectively) between each lens with respect to 

the grating such as, D1<fCL1 and D2>fCL2 (fCL is the focal length of the cylindrical 

lens). The second harmonic pulse is generated after overlapping  the two pulses — 

in space and time— at the BBO crystal. As a result, a ps-pulse is generated at a 

frequency that is twice the input pulse, and the bandwidth is compressed by a factor 

of more than 30.  

 Unfortunately, numerous platforms have reported the appearance of sidebands 

in the compressed output spectrum stemming from high-order non-linearity on the 

chirp of the phase-conjugated pulses (Fig. 4.1(b)). Depending on the configuration 

of the SHBC set-up, the ensuing picosecond pulses may present high-order chirp in 

the time domain which causes a phase shift between the fundamental pulse and each 

of the sidebands. These sidebands can thus generate multiple CARS signals that 

beat in time and overlap with each other. Consequently, the modeling and 

temperature-fitting of these CARS signals become unachievable and overly 

complex. To address this issue, various types of optical filters can be deployed to 
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eliminate the sidebands created through the SHBC process to perform spectrally 

resolved CARS measurements. Examples of these filters include volume Bragg 

gratings (VBG) [130] and external 4-f pulse shaper configurations [131,132]. An 

alternative approach is also to remove the non-linear components of the phase-

conjugated pulses directly in the pulse stretcher of the SHBC unit before combining 

them on the non-linear crystal [133]. Nonetheless, in all of these filtering 

approaches, a significantly large portion of the available photons is wasted.  In 

particular, in the 4-f pulse shaper configuration employed in this thesis (see section 

3.1.2), the filtering process led to a loss in probe intensity of ~70% limiting the 

probe energy to ~300-350 mJ/pulse. In high-temperature applications (>2000 K), 

this power reduction may impact the ability of the developed system to achieve a 

field of view larger than ~1.5 mm as reported in Paper I . Furthermore, this fact may 

also affect the strength of the CARS signal acquired at large probe delays (>300 ps) 

used to measure the concentration of water vapor adopting the methodology 

outlined in Paper II. 

In this chapter, I propose to use the direct output of the SHBC —without 

filtering the probe spectral sidebands— in an effort to enhance the strength of the 

CARS signal which depends linearly on the probe pulse intensity. To achieve this 

objective, a detailed characterization of the spectral and phase properties of the 

probe pulse is performed. In this way, the effect of the sidebands on the signal can 

be simulated, enabling the fitting of both experimental and synthetic CARS spectra. 

This characterization is not trivial; to the best of the author’s knowledge, there are 

not established methodologies that allow to measure the spectral-phase of ps-

duration pulses. One of the main objectives of this chapter is to introduce a novel 

methodology that employs the non-resonant CARS signal to measure the relative 

phase between groups of frequencies in the SHBC probe pulse. Finally, this chapter 

also addresses the implications of this approach on the accuracy and precision of 

N2 CARS thermometry. 

4.2 Spectral and temporal shape of SHBC ps-probe pulses 

Experimental information on the spectral and the temporal envelope of the probe 

pulse is required to model the time-domain CARS signal.  As it was shown in Eq. 

2.27, 𝐸𝐶𝐴𝑅𝑆(𝑡, 𝜏) is obtained as the product of the molecular response function and 

the square root of the time-dependent probe-pulse intensity 𝐼𝑝𝑟.  In this study, the 

probe spectrum is experimentally measured by directing a portion of the laser beam 

towards the coherent imaging spectrometer which is described in section 3.2. On 

the other hand, the temporal 𝐼𝑝𝑟 envelope is obtained by cross-correlation of the 
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probe pulse with the 35 fs-duration non-resonant CARS signal. Given that the non-

resonant CARS only occurs when the pump/Stokes and probe pulses coincide in 

time, the time-dependent non-resonant signal strength is typically used to map the 

duration of the probe pulses.  

Figure 4.2 presents a comparison between the spectral and temporal 

characteristics of the probe beam with and without filtering it with a tunable 4-f 

pulse shaper. To obtain a spectrally resolved pure-rotational N2 CARS spectrum, 

the slit located at the Fourier plane is set to ~150 µm. This allows to filter out the 

blue-shifted sidebands generated by the probe pulse using the current SHBC  

configuration. This results in a narrowband pulse of ~2.7cm-1 fwhm bandwidth,

centered at 402.3 nm. 

In  the time domain, the 𝐼𝑝𝑟 shows a good agreement with the anticipated time-

bandwidth product calculated after de-convolving the measured spectrum from the 

instrument broadening function, resulting in a fwhm duration of ~13 ps. 

Figure 4.2:  Spectral (black) and temporal (red) intensity of the SHBC-produced picosecond 

pulses. a) and b) The slit at the 4-f pulse shaper is set to 150 µm resulting in a narrowband pulse of 

~2.7 cm-1 fwhm and ~13 ps fwhm. In panels c) and d) the slit is opened and a set of five blue-shifted 

spectral peaks emerge, corresponding to a shorter pulse duration of ~6 ps fwhm.  
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Nonetheless, the presence of a hard edge introduced by the slit at the Fourier plane 

of the 4-f pulse shaper causes small ringing distortions in the probe temporal profile, 

which resembles the standard transform pair of a sinc function. These additional 

modulations need to be taken into account when selecting the probe delay to avoid 

interference with the non-resonant CARS signal. When the fs/ps CARS instrument 

is operated without using the 4-f pulse shaper (i.e. the slit is entirely open),  a set of 

approximately five additional spectral peaks emerge in the spectrum, spanning 

roughly 30 cm-1. As a result, the time-domain profile of the pulse can no be longer 

represented by the sinc2 function. Instead, it presents an uneven envelope 

characterized by a multimodal profile. The asymmetry of this profile probably 

originates from the non-linear phase of the pulse imposed during the bandwidth 

compression process.  

To accurately simulate the CARS signal generated when the slit is open (i.e. 

without operating the 4-f pulse shaper), a precise characterization of the relative 

phase of these spectral side wings with respect to the fundamental peak of the probe 

pulse should be performed. The complex electric field of an optical pulse at a fixed 

position in space may be described as a sum of harmonic waves of frequency 𝜔𝑛 

weighted by its amplitude 𝐴𝑛, as shown Eq. 4.1 [134]. 

𝐸(𝑡) = ∑ 𝐴𝑛 ∗ 𝑒(𝜔𝑛𝑡+𝜙𝑛)

𝑛

where 𝜙𝑛 represents the initial phase of the harmonic waves combined to create 

the pulse. Consequently, to adequately model the probe electric field, information 

about the intensity and the phase of the constituent frequencies forming the pulse 

must be measured.  

Unfortunately, the procedure described above does not allow to quantify this 

information and more sophisticated methods had to be developed to establish the 

correlation between the frequency and temporal information encoded in the probe 

electric field, 𝐸𝑝𝑟𝑜𝑏𝑒(𝑡). In this thesis, I developed a new methodology to

characterize the spectral phase of the probe pulse which is otherwise difficult to 

obtain as there are not standard ways to measure it. This methodology involved two 

main steps. In the first one, the frequency content of the probe pulse was discretized 

into a fixed number (n) of equally spaced narrowband segments using the 4-f pulse 

shaper. The mechanical slit located at the Fourier plane, is used to sequentially scan 

segments of the pulse constituent frequencies, which are spatially distributed along 

the horizontal beam axis. Figure 4.3(a) presents a comparative analysis between the 
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spectral intensity of the probe pulse when the slit is open (dashed grey line) and the 

resulting frequency segments as measured with the coherent imaging spectrometer. 

The high dispersion (i.e. 3600 lines/mm) of the transmission grating employed 

on the pulse shaper allows discretizing the pulse into n=9 independent segments of 

∆𝜔𝑛~2 cm-1 fwhm bandwidth. The selected number of segments guarantees a high

spectral resolution while preventing contamination from the light scattered at the 

slit edges when the aperture is below ~40 µm 

Once this is done, the temporal shift between each group of frequencies is 

characterized. This is achieved by measuring the arrival time 𝜏0(𝜔𝑛) of each of the 

discretized pulses, with respect to the fundamental probe peak centered at 402.3 nm. 

The arrival time is obtained from the time-dependent intensity of each of the pulses 

which is mapped using the integrated non-resonant spectrum. In this set of experiments, 

the same set-up described in paper I of this thesis for pure-rotational spatiotemporal 

CARS was employed. However, in this particular investigation, the O-branch instead 

Figure 4.3:  a) Comparison between the spectrum of the unfiltered probe pulse (Gray dashed 

line) and the corresponding frequency segments (indicated by colors) selected with the slit in the  4-

f pulse shaper.  b) The relative arrival time of the resulting pulse created at each frequency segment 

with respect to the fundamental peak, obtained by mapping the corresponding non-resonant CSRS 

signal intensity in time.  
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of the S-branch signal was acquired (i.e. the coherent Stokes Raman scattering signal 

(CSRS)). As can be seen in Fig. 4.2(b) the spectral  sidebands appear on the high 

frequency side of the fundamental probe peak. Consequently, these sidebands overlap 

with the low Raman-shifted transitions of the S-branch spectrum. The intensity of these 

sidebands is significantly stronger than the CARS signal itself, making it impossible to 

acquire the pure-rotational spectrum of molecules such as N2 and O2 without risking 

damaging the sCMOS sensor. 

The non-resonant CSRS spectrum was generated across a one-dimensional 

field-of-view of ~1,4 mm in a thin BK7 glass plate. The advantage of using a solid 

sample in this experiment is that intensity fluctuations caused by beam-steering are 

significantly dampened as compared to more common methods in which the signal 

is generated in a flow of a non-resonant gas such as argon. In this way, uncertainties 

in the retrieval of the pulse temporal shape caused by fluctuations in the intensity 

of the non-resonant spectrum might be minimized. A probe delay scan was 

performed by acquiring a set of 500 non-resonant CSRS spectra in steps of 250 fs 

at each slit location. In Fig. 4.3(b) the resulting arrival time of each of the discretized 

frequency segments is presented.  As can be seen, the proposed methodology 

provided sufficient sensitivity to resolve the temporal shift between the different 

groups of frequencies selected for this experiment. A strong non-linearity in the 

phase relationship between the generated pulses is observed, indicating that the 

direct pulse produced by the SHBC is significantly stretched in time and therefore 

cannot be described as a TL pulse.   

Figure 4.4:  Picosecond probe pulse spectrogram reconstructed using the methodology 

developed in this thesis. The color-coded representation illustrates the intensity of the electric field 

at each frequency over time. 
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 The resulting temporal dependence of the discretized pulse frequencies and 

their relative intensity measured in the aforementioned steps is further used to 

reconstruct the probe pulse electric field, following Eq. 4.1. The pulse is generated 

synthetically by first adding sinusoidal waves of equal intensity at the different 

frequencies 𝜔𝑛 contained in the bandwidth transmitted at each slit position and 

attributing the initial phase. This phase is nothing more than the relative arrival time 

of the pulses with respect to the fundamental peak.  A set of nine pulses are 

consequently generated, corresponding to each frequency segment selected with the 

slit. Secondly, each of the resulting pulses is weighted by the relative amplitude 

𝐴𝑛 = √𝐼𝑛  , calculated as the square root of the measured spectral intensity. Finally,

the electric fields of all frequency segments are linearly added, generating an 

interferogram that gives rise to the reconstructed probe pulse. Figure 4.4 presents a 

synthetic pulse spectrochronogram simulated using the spectral phase properties 

obtained using the aforementioned methodology.   

4.3 Validation of the results 

The accuracy of the results obtained in the characterization of the probe spectral 

phase is validated by generating the pure-rotational CSRS signal in a flow of room-

temperature nitrogen as well as in an unreacted flow of hydrogen.  

Figure 4.5 Spectrochronogram of the  pure-rotational CSRS signal of a) N2 and b) H2  acquired 

experimentally after passing the probe pulse through the 4-f  tunable pulse shaper. c) and d) best-fit 

between the averaged experimental spectrum and the time-domain CSRS model for a probe delay 

of 23 ps. 
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These experimental spectra are then fitted to a theoretical library in which the 

synthetic probe electric field reconstructed in Fig. 4.4 is used to compute the CSRS 

electric field. For this purpose, two cases were investigated. In the first one, the 4-f 

pulse shaper is used to filter out the probe pulse sidebands by selecting a narrow 

portion of the fundamental spectral peak. In this way, the probe pulse is near 

transform-limited, generating a CSRS spectrum with nearly isolated lines. In the 

second case, the slit is completely opened and therefore the CSRS signal is 

produced using the direct output of the SHBC without filtering. In both cases, a 

probe delay scan is performed acquiring 40 data sets of 1000 single-shot CSRS 

images every 250 fs in the range of 20-30 ps.  

Figure 4.5 presents the experimental spectrochronogram map obtained from the 

N2 spectra acquired in the range of ~40 to 250 cm-1 as well as for the O(2) H2 

transition located at 354 cm−1. This dataset pertains to one specific location within 

the CSRS image where the probe spectral phase characterization was conducted. 

Additionally, Fig 4.5(c) and (d) present the fit between the experimental spectrum 

obtained at an arbitrary probe delay 𝜏 = 23 ps and the theoretical spectra generated 

using the time-domain CSRS model. As it can be observed,  upon filtering out the 

sidebands, it becomes evident that the O-branch transitions in the N2 spectrum are 

nearly isolated. Consequently, the spectra exhibit minimal changes over time, 

which indicates that in this configuration, the probe pulse is close to transform 

limited and the CSRS model can accurately quantify the temperature of the gas 

flow. Similarly, the shape of the H2 transition, which is isolated from other spectral 

lines, remains constant over time.  

In contrast, a marked difference becomes apparent when the slit is open, 

especially in the N2 resonant spectra. Figure 4.6(a) shows the spectrochronogram 

of the N2 CSRS signal acquired for the same probe delay range as in the previous 

case. The N2 CSRS signal produced by the SHBC's direct output exhibits a complex 

temporal interference pattern. This results from line mixing between even and odd 

rotational Raman transitions as well as the beating between the signals produced by 

the different spectral sidebands, which are generated at a different time with respect 

to the fundamental probe peak. As a consequence, minimal changes in the probe 

delay induce substantial variations in the spectral shape. The periodicity of this 

beating pattern corresponds to the characteristic revival period in the N2 molecular 

response which is ~8.38 ps at ambient temperature. Overall, it can be seen that the 

reconstructed chirped probe pulse included in the time-domain CSRS model can 

successfully capture the influence of the probe sidebands on the shape of the N2 

spectra to a good extent. While the quality of the fit might be different depending 
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on the probe delay used to acquire the signal,  it is sufficiently accurate to perform 

quantitative measurements with a high degree of confidence. This results in an 

accuracy better than ~1, with respect to the reference temperature value, defined as 

the temperature measured with the filtered probe pulse. On the other hand, the H2

spectrum is characterized by the appearance of additional spectral peaks toward 

higher frequencies. These peaks correspond to blue-shifted H2 CRSR signals 

generated at the different carrier frequencies of the probe sidebands. The shape of 

this peak closely mirrors the shape of the probe spectrum used in the experiment. 

As opposite to N2, the H2 spectrum does not beat in time, and the model is also able 

to accurately predict the shape as a function of probe delay. 

To quantify the effect of the additional probe’s photon content on the signal 

strength, a comparative study of the signal-to-background ratio (SBR) of the 

acquired pure-rotational N2 spectra was performed using both the filtered and the 

Figure 4.6:  Spectrochronogram of the  pure-rotational CSRS signal of a) N2 and b) H2  acquired 

experimentally using the direct SHBC’s pulse output. The experimental fs/ps N2 CSRS spectrum is 

affected by a severe beating of all the spectral lines, due to the unresolved transitions between the 

many rotational energy states populated at this temperature and the non-linear chirp of the pulse. In 

comparison, the O(2) pure rotational Raman transition of H2 displays minimal temporal beating, and 

its spectral shape closely mirrors the probe pulse spectrum. Panels  c) to f) depict the best-fit between 

the experimental spectrum and the time-domain CSRS model, with the reconstructed probe pulse 

included, at probe delays of 23 ps and 25.5 ps.  
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unfiltered probe pulses.  When the unfiltered probe is used to generate the signal – 

opening the slit in the 4-f pulse shaper– the energy per pulse increases roughly by a 

factor of three from ~350 μJ/pulse to ~950 μJ/pulse. While, the strength of the 

coherent Raman signal, scales linearly with the probe pulse intensity, due to the 

extreme temporal beating of the N2 spectra observed using the direct output of the 

SHBC, it is not straightforward to predict if this linear relationship still holds. 

Constructive and destructive interference may affect the signal strength depending 

on the probe delay and the molecule being probed. Figure 4.7(a) shows the 

normalized SBR of the peak with the highest intensity within the N2 spectra as a 

function of time for the two evaluated cases. For the filtered probe case, this peak 

corresponds to the O-branch transition located at 71.5 cm-1. In the unfiltered probe 

case, the peak with the highest intensity is not fixed and varies between different 

Raman shift locations depending on the probe delay.  As expected, the signal 

generated using the unfiltered pulse presents a periodic fluctuation in intensity. The 

overall SBR varies according to the beating period of the signal and is between ~1.1 

and ~2.5 times higher than the signal generated using the filtered probe pulse.  

Figure 4.7:  Comparison between the strength of the fs/ps CSRS signal obtained experimentally 

using the direct SHBC’s pulse output (represented by blue open circles) and the pulse filtered using 

the 4-f pulse shaper (represented by red open circles) as function of probe delay. a) Evaluation of 

the relative signal to background ratio (SBR) of a single peak within the pure-rotational N2 spectra 

with the highest intensity. b) Relative intensity of the integrated spectrum at each probe delay for 

the two evaluated cases. 
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Furthermore, a comparative analysis of the strength of the integrated signal 

generated using both filtered and unfiltered probe beams was also performed. In 

time-resolved CARS, the integrated CARS signal is typically used to measure the 

dephasing rate of the molecular Raman coherence caused by collisions between the 

molecules present in the probe volume. As can be seen in Fig. 4.7(b), the integrated 

signal generated with the unfiltered probe pulse is ~4 times higher than the one 

generated when the sidebands are filtered. Therefore, the implementation of this 

methodology could present significant advantages for dephasing measurements 

which usually struggle to obtain sufficient signal strength at large probe delays, 

especially in high-temperature environments such as flames. 
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Chapter 5 

Water vapor concentration 

measurements using time-resolved 

CARS

In this chapter, I introduce a new detection strategy to measure the concentration of 

water vapor in hydrogen flames via the time-resolved measurement of the 

collisional dephasing of the nitrogen CARS signal. The rotational Raman coherence 

of the N2 molecules, induced by the interaction with the pump and Stokes laser 

fields, dephases on a timescale of hundreds of picoseconds (ps), mostly due to 

inelastic collisions with other molecules in atmospheric flames. The presence of 

water vapor in the flame results in faster dephasing of the N2 coherence compared 

to other major combustion species. The dephasing rate of the N2 coherence can thus 

be used to determine the concentration of water vapor. To demonstrate the 

applicability of this methodology, sequential measurements of the exponential 

decay of the N2 CARS signal are performed up to 360 ps across the flame front of 

a laminar H2/air diffusion flame.  Temperature and the relative O2/N2 and H2/N2 

concentrations are measured at a short probe delay, and the results are input into the 

time-domain model to extract the H2O mole fraction. As water vapor is the only 

major product of combustion in hydrogen flames, its concentration is an essential 

scalar for characterizing the flame's structure. With the implementation of this 

methodology, all major scalar flow fields across the flame can be simultaneously 

measured providing valuable insight into the underlying physics of molecular mass 

transport processes occurring during the chemical reaction.  

Part of the results discussed in this chapter haven been published in paper II 
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5.1 Water vapor diagnostics in combustion environments 

A recognized challenge for absolute concentration measurements in combustion 

environments is to detect water vapor. This combustion species is typically probed 

using absorption spectroscopy [135] rather than Raman-based techniques, owing to 

its relatively low Raman cross-section [136]. However, an inherent drawback of 

absorption spectroscopy is the limitation to line-of-sight measurements. In this 

regard, non-linear optical diagnostics prevail because they can provide in-situ H2O 

measurements with spatial resolution. O’Byrne et al. [137] employed CARS to 

measure the temperature and the mole fractions of nitrogen (N2), oxygen (O2), and 

hydrogen (H2) in a supersonic combustor and estimated the H2O concentration by 

assuming it to be the only other major species contributing to the non-resonant 

susceptibility of the gas-phase medium. Direct measurements of the ro-vibrational 

CARS spectrum of the H2O v1 symmetric stretch at ∼3650 cm-1 were first 

attempted by Hall et al. [138] in 1979. Hall and Sherley [139], as well as Porter and 

Williams [140] performed ro-vibrational H2O CARS thermometry at temperatures 

as high as 2000 K. Greenhalgh et al. [141] also investigated the H2O v1 CARS 

spectrum at high temperatures and elevated pressures. Despite the good agreement 

shown by the experimental data and the theoretical CARS models, further studies 

on this spectrum were scarce, probably owing to the isolated location of the H2O v1 

spectrum beyond the vibrational fingerprint region, which hinders the simultaneous 

detection of multiple species. In a recent work conducted by Nishihara et al. [142], 

for the first time, the relative concentrations of H2/N2, O2/H2, and H2O/H2 were 

measured in a plasma-stabilized hydrogen diffusion flame using dual-pump ns-

CARS. While successfully obtaining these measurements, the necessity for 

multiple combinations of laser dyes to generate the ro-vibrational CARS signal for 

each molecule led to separate sequences of measurements. In this sense, a more 

efficient strategy would be shifting towards the pure-rotational CARS spectrum of 

water vapor as multiple species could be acquired simultaneously on a single-shot 

basis, providing a more comprehensive understanding of combustion dynamics. 

The use of the pure-rotational Raman spectra of water vapor for flame 

diagnostics, however, poses a number of theoretical and experimental difficulties. 

Some of them have been detailly addressed in the work of Avila et al. [143]. Even 

though the pure-rotational H2O spectra can be detected within the same spectral 

region as N2, the usual reference molecule, the integrated intensity of the spectrum 

at room temperature is approximately 4-5 orders of magnitude weaker. This is 

primarily due to the small anisotropy of its molecular polarizability as well as the 

larger number of rotational transitions that the molecule undergoes. Furthermore, 
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due to its asymmetric top structure and the three different rotational constants of 

H2O, it is more difficult to simulate high-temperature spectra in flames. Nordström 

et al. [64] have recently examined the applicability of pure-rotational CARS for 

high-temperature diagnostics. Unfortunately, they concluded that H2O is an 

unsuitable candidate for CARS concentration measurements in combustion. The 

extreme dimness of the pure-rotational H2O CARS signal and the strong non-

resonant contribution made it impossible to detect the signal even using 

considerably long integration periods.  

In this thesis, I proposed the use of time-resolved CARS to measure the H2O 

mole fraction in hydrogen flames through its impact on the pure-rotational N2 

spectrum. As Nordström et al. pointed out in the conclusion of their work, despite 

its CARS spectrum being negligible, water vapor has a significant collisional 

impact on the N2 CARS spectrum. Rotational energy transfer in inelastic collisions 

between the coherently excited N2 molecules and other molecules results in the 

temporal dephasing of the pure-rotational N2 CARS signal on a time scale of 

picoseconds (ps) at ambient conditions. This dephasing can be measured by 

employing ultrashort laser pulses (fs/ps) to resolve the temporal evolution of the 

Raman coherence thus measuring the RET in the time domain.  

5.2 Dephasing of the N2 CARS signal 

The evolution of the induced Raman coherence is determined by the interference of 

the Raman modes corresponding to transitions from different J-states as well as by 

the dephasing coefficients associated with the transition. Due to symmetry 

constraints, the natural decay lifetime of N2 is on the order of seconds [144], so it 

can be neglected in this discussion. Similarly, the effect of pure dephasing due to 

elastic collisions (ΔJ = 0) can be neglected at ambient pressure [144]. The main 

contribution to dephasing thus stems from inelastic collisions ( ΔJ ≠ 0), responsible 

for the RET between the coherently excited N2 molecules and the molecular 

perturbers in the flame. In this work, the dephasing of the N2 CARS signal due to 

collisions takes into account the following perturbers: N2-N2 (i.e. self-perturbed) 

[117], N2-O2 [145], N2-H2 [146], and N2-H2O [112]. Figure 5.1 shows the 

corresponding state-dependent dephasing coefficients of N2 perturbed by these 

molecules for J = 0-60. While the N2-N2 and N2-O2 coefficients show comparable 

J-dependence, owing to the similar rotational energy manifold, both N2-H2 and N2-

H2O coefficients show peculiar trends over the different J-states and have an overall

larger magnitude. The J-dependence of the N2-H2 coefficients is less pronounced

than for the other collisional partners, due to the large spacing between the states in
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the rotational energy manifold of H2, resulting in a similarly reduced RET for all 

the J-states of the N2 molecule. On the other hand, the overall large magnitude of 

these coefficients is explained by the larger thermal velocity of the lightweight H2 

molecule, allowing it to penetrate closer to the repulsive wall of the interaction 

potential with the N2 molecule [146]. The N2-H2O dephasing coefficients are 

characterized by a strongly non-monotonic J-dependence, with a temperature-

dependent local maximum (e.g. J = 24 at 1600 K), which is attributed to the 

complex structure of the rotational energy manifold of the H2O molecule. This 

results in a strong dependence of the RET on the initial rotational state of the N2 

molecule [112].  

In the flame, the total  N2 dephasing coefficients can be computed using Eq. 

(2.22) introduced in section 2.2.1: 

where Γ𝐽→𝐽+2 are the dephasing coefficients due to collisions of N2 with the kth

perturbers, weighted by its mole fraction 𝑋𝑝. This equation introduces the 

dependence of the N2 CARS signal on the presence of H2O, which is employed to 

measure the H2O concentration (𝑋𝐻2𝑂). In this context, the collisional environment 

can be interpreted as an equivalent binary system composed of H2O  on one hand, 

Γ𝐽→𝐽+2
𝑘 = ∑ 𝑋𝑝 ∙  Γ𝐽→𝐽+2(Mk − Mp) 

𝑝
(2.22) 

Figure 5.1: The J-dependence of the species specific N2 CARS dephasing coefficients for 

inelastic collisions with major combustion species in H2/air flames, including N2, O2, H2 and H2O 

at a temperature of 1600 K.  
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and a weighted combination of all other perturber species whose concentration is 

directly measured in the frequency domain (i.e. 𝑋N2
, 𝑋O2

 and 𝑋H2
) on the other.

The proposed diagnostic approach can thus be employed to measure the 𝑋𝐻2𝑂

in all combustion environments where the concentration of every other relevant 

collisional partner is accessible in the CARS spectrum. 

𝛤𝐽→𝐽+2
N2 = ∑ 𝑋𝑘′ ∙  𝛤𝐽→𝐽+2(N2 − M𝑘′) +  𝑋H2O ∙ 𝛤𝐽→𝐽+2(N2 − H2O)

𝑘′
(5.1) 

Figure 5.2: Dependence of the N2 CARS spectrum to inelastic between N2-N2 and N2-H2O. 

Simulated pure-rotational spectrum of pure N2 at flame temperature T=1600 K. Spectral heating is 

observed as both the concentration of water vapor and the probe delay are systematically increased. 
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The inelastic collisions between N2 and  H2O can affect the pure-rotational N2 

CARS signal in two distinct ways. Firstly, the shape of the spectrum can be altered 

due to the J-dependence of the combined collisional dephasing coefficients N2-N2 

and N2-H2O. As the probe delay increases, the intensity of low Raman transitions 

decays faster than higher transitions proportionally to the H2O mole fraction in the 

gas mixture. Secondly, a change in the overall decay of the integrated signal 

intensity can occur, arising from the exp [(𝑖𝜔𝐽→𝐽+2 − Γ𝐽→𝐽+2)𝑡] factor in Eq (2.16). 

While either of these two dependence mechanisms may be utilized to estimate the 

concentration of water, it is not straightforward to determine which one is more 

suitable for flame studies.   

To gain further insights into the influence of water vapor on the pure-rotational 

N2 CARS spectrum, a synthetic analysis was conducted using the time-domain 

CARS code and taking into consideration the N2-N2 and N2-H2O dephasing 

coefficients.  Figure 5.2 illustrates the dependence of the N2 CARS spectral shape 

to the presence of water vapor for three distinct probe delays of τ = 20, 250, and 

450 ps at a temperature of T=1600 K. In each of these cases, 𝑋𝐻2𝑂 is stepwise

increased from 0 up to 0.4. In each of the insets, the residual represents the 

difference in the shape of the spectrum for a given condition as compared to pure 

nitrogen. As it can be seen, at the shortest probe delay (i.e. τ = 20 ps) the spectrum 

is not significantly impacted by the presence of water in the gaseous mixture. 

Therefore, temperature measurements can be performed without concern for 

inelastic collisions influencing the results. However, at larger probe delays, an 

increased shifting in the relative intensity of the peaks within the N2 CARS 

spectrum is observed when the water concentration increases, giving the impression 

that the spectrum originates from higher-temperature gases. This phenomenon, 

however, is solely attributable to the effects of inelastic collisions between N2 and 

H2O due to the J-number dependence of the dephasing coefficients of the molecules 

involved. The H2O mole fraction can thus be obtained by measuring the temperature 

of the gas mixtures at a short probe delay and then fitting the spectra obtained at 

longer probe delays to a synthetic library of spectra generated for the measured 

temperature.  

 Furthermore, the sensitivity of the time-dependent N2 CARS signal strength to 

the presence of water vapor concentration was also investigated. The exponential 

decay of the integrated signal intensity was obtained synthetically by integrating 

the N2 CARS spectra generated at T=1600 K in a binary mixture of N2 and various 

concentrations of water vapor. Figure 5.3 shows a comparison between the 

normalized dephasing curves obtained by integrating the intensity of the pure-
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rotational spectrum of N2 in the range of  20 < 𝜏 < 370 ps.  As it can be seen, water 

induces an overall faster decay of the CARS signal due to the larger magnitude of 

the N2-H2O dephasing coefficients in comparison to N2 self-perturbed ones. At the 

evaluated temperature, this decay scales roughly as 1/𝑒𝑥𝐻2𝑂 . An advantage of this

approach is that it is significantly less sensitive to temperature fluctuations. In stable 

laminar flames, the dephasing can be measured by acquiring sequentially the CARS 

signal at various probe delays.  

I applied this approach to measure the signal dephasing of the N2 CARS signal 

at different locations across the flame front of a laminar H2 diffusion flame. This 

served as a proof of concept for the feasibility of the technique. Nonetheless, it is 

noteworthy that in the case of more dynamic applications such as turbulent flames, 

scalars usually present shot-to-shot fluctuations and multi-probe schemes may be 

still required to obtain single-shot information about the dephasing of the N2 CARS 

signal. 

Figure 5.3: Simulated exponential decay of the integrated N2 CARS spectrum calculated for a 

binary gas mixture of N2 and H2O at T= 1600 K, in the range of 20 < τ < 400 ps. In this simulation, 

the H2O mole fraction progressively increases (from blue to purple) from 𝑿𝑯𝟐𝑶 = 0 up to 𝑿𝑯𝟐𝑶 = 0.6 

in steps of 0.1. A faster decay of the N2 CARS signal is observed as the concentration of water vapor 

increases. The impact of water vapor is more pronounced at lower concentrations, a evidenced by 

the distinct 'squeezing' of the decay curves at larger 𝑿𝑯𝟐𝑶. 
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5.3 Water vapor concentration detection strategy 

The proof-of-principle demonstration of H2O concentration measurements was 

performed by measuring the dephasing rate of the N2 CARS signal in a laminar 

H2/air diffusion flame shown in Fig. 5.4(a). This flame serves as an ideal test 

scenario for the technique as the product gases are composed of a binary mixture of 

N2 and H2O at high temperatures. Furthermore, the composition of other major 

species, such as H2 and O2, along the flame can be quantified in the frequency 

domain by acquiring their pure-rotational spectra.  

The burner utilized in the experiment is a seamless, stainless steel pipe with 

∼19 mm inner diameter. A mixture of N2 and H2 in a 50% - 50% volume ratio is

introduced with a bulk velocity of around 1 m/s, resulting in a Reynolds number of

Figure 5.4: Proof of concept of the proposed methodology for water vapor concentration 

measurements. a) Picture of the laminar diffusion H2/N2/air flame stabilized in a Bunsen burner used 

to test this methodology. The white dotes represent the location of the measurements performed at 

x=1 mm above the burner rim from y=0 mm (fuel stream) to y=12 mm (oxidizer stream). b) 

Illustration of the evolution of the N2 molecular susceptibility and the corresponding probe delay 

scan performed to measure the collisional decay rate. c) Fitting procedure of the collisional 

dephasing of the N2 CARS signal measured experimentally at one location within the reaction zone 

of flame with the highest water vapor concentration. The experimental decay (red dots) is  compared 

to a library of simulated dephasing curves generated for the temperature measured at short probe 

delay to extract the H2O mole fraction. 
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less than 150. To stabilize the flame, a stainless steel mesh is positioned at a height-

above-the-burner (HAB) of approximately 30 mm. 

The two-beam fs/ps CARS system used in this study is described in greater 

detail in chapter 3 and only specific details for this experiment are outlined as 

follows. The probe pulse duration is set by adjusting the slit width at the 4-f filter. 

This corresponds to a ∼12 ps FWHM with ∼300 μJ/pulse.  For the combined fs 

pump/Stokes pulse, an 800 nm half-wave plate and a thin film polarizer are used to 

attenuate the pulse energy to ∼60 μJ/pulse to prevent fs laser-induced filamentation 

[147]. This was verified by performing a power scaling of the N2 CARS signal at 

room temperature: at this fluence level, no change in the spectral envelope was 

observed. Spherical optics (f:=500 mm and 300 mm, respectively) focus the 

pump/Stokes and probe beams to the measurement location, and the crossing angle 

for the two-beam phase-matching configuration is estimated to be ∼3°, resulting in 

the following probe volume dimensions: ∼22 μm (height) x ∼1.1 mm (length) x 

∼22 μm (width). The pump/Stokes and probe pulses are therefore automatically

synchronized, and an automated delay stage (sub-10 fs resolution, Thorlabs) is

employed to precisely control the relative probe pulse delay. A wedge prism is

inserted in the pump/Stokes beam path after the probe volume, and the low-power

reflection is imaged onto a beam profiler (WinCamD, Dataray) in the far field to

monitor and maintain the alignment of the pump/Stokes beam when moving the

delay stage.

Point-wise (0-D) CARS measurements were performed at a location ∼1 mm 

HAB, with a radial scan conducted from the center of the burner (y = 0 mm) 

extending to the rim, and data points were acquired at intervals of 0.5 mm up to y 

= 12 mm. At each measurement location, 6 datasets of 1000 single-shot CARS 

spectra were acquired for a probe delay varying from 30 to 360 ps (Fig 5.4(b)). The 

spectra obtained at the lowest probe delay were employed to measure the 

temperature and the relative O2/N2 and H2/N2 concentrations. Neglecting the effect 

of collisions at the short probe delay timescale leads to an inaccuracy of less than 

∼0.8% in the estimated temperature: the CARS signal generated at this delay is thus

assumed as nearly collisional independent. By integrating the N2 CARS signal

acquired at the longer probe delays, the collisional dephasing was measured and

compared to the single-exponential decay model in Eqs. (2.22) and (5.1) to extract

the H2O mole fraction. Figure 5.4(c) shows the experimental dephasing measured

at one location within the reaction zone compared to the theoretical dephasing

curves predicted by the time-domain N2 CARS. The red dots represent the signal

dephasing at y=9.5 mm (at 1 mm above the burner rim), where the H2O mole
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fraction is measured to be 0.34 according to the best-fitting curve: a large sensitivity 

to the H2O concentration is shown by the significant bias between the experimental 

data and the theoretical dephasing predicted for 𝑋H2O = 0.

5.4 Temperature and chemical composition fields 

The methodology just explained allows to measure the whole temperature and 

chemical composition fields across the flame front. The resulting experimental 

profiles for the temperature and the mole fractions of O2, H2, and H2O are presented 

in Fig 5.5. 

 As it can be seen, the temperature smoothly increases from ∼360 K in the fuel 

stream at the center of the burner (y = 0 mm), peaking to 1620 K above the burner 

rim (y = 9.5 mm), and decreases more rapidly in the lean reaction zone, reaching 

∼440 K in the oxidizer stream at y=12 mm. The good single-shot precision of the

CARS thermometry, varying in the range of 0.8–3.7% in the high-temperature

reaction zone, indicates a limited impact of the temperature fluctuations on the

signal intensity, thus justifying the use of sequential measurements of the collisional

dephasing. The H2 mole fraction decreases from ∼52% in the fuel stream at the

center of the burner as the mixing and chemical reaction progress toward the burner

rim. The simultaneous detection of the pure-rotational N2 CARS spectrum and of

two rotational lines of the pure-rotational H2 CARS spectrum, namely S(0) at 354

cm-1 and S(1) at 587 cm-1, allows for measuring the relative H2/N2 concentration

Figure 5.5: Experimental temperature and mole fraction profiles for the major combustion 

species obtained along the flame front of a laminar H2/air diffusion flame. The H2O mole fraction at 

x =1 mm is detected within the range 𝑿𝐇𝟐𝐎 = 0.03-0.34 in the reaction zone spanning y = 7.5-11.5 

mm.
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at temperatures as high as 1450 K at location y = 9 mm. The O2 mole fraction, on 

the other hand, smoothly grows from 0.01 measured at y = 8 mm up to 0.15 at the 

last measurement location in the oxidizer stream. The relative standard deviation 

of the measured mole fractions of H2 and O2 is, respectively, lesser than 2.5 and 

8% at all measurement locations. H2O is detected in the reaction zone, for y = 

7.5–11.5 mm, with a maximum mole fraction of 0.34 at y = 9.5 mm.   

The uncertainty in the measured H2O concentrations is mostly due to shot-to-

shot fluctuations in the temperature and flow composition. This was assessed by 

propagating the uncertainty in the measured temperature and relative O2/N2 and 

H2/N2 concentrations and fitting the experimental data to the corresponding limit 

curves for the theoretical dephasing. The relative uncertainty in the H2O mole 

fraction is thus estimated to be < 8% at all measurement locations,  with the sole 

exception of y = 10.5 mm, where the relative uncertainty is 15%, corresponding to 

a measured H2O mole fraction in the range 0.18–0.21. The temperature and mole 

fraction profiles in Fig. 5.5 are in good qualitative and quantitative agreement with 

those reported by Toro et al. for a similar laminar H2/air diffusion flame [148] and 

show the effect of preferential diffusion of H2 in the fuel stream. In the region y = 

2.5–6.5 mm, the H2  mole fraction reduces from 0.52 to 0.42, while no water vapor 

is detected, and the temperature is only slightly increasing due to heat transfer from 

the reaction zone, yet remaining below the auto-ignition threshold. The 

simultaneous resolution of the local temperature and composition fields thus allows 

us to render the physics of mass transport in the laminar diffusion flame. 

5.5 Water vapor concentration in an equivalent ternary 

collisional system N2-N2, N2-H2O, and N2-CO2 

In the previous section, it was discussed that the collisional environment in a 

hydrogen/air flame can be interpreted as an equivalent binary system composed of 

N2-H2O on the one hand, and a weighted combination of all other perturber species 

whose concentration is directly measured in the frequency domain (i.e. N2-N2, N2-

O2, and N2-H2) on the other.  
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This has led to a straightforward implementation of the methodology proposed 

in the previous section of this thesis to detect water vapor from the dephasing of the 

N2 CARS signal in the time domain. However, it is not yet clear whether the same 

methodology can be extended to more complex collisional environments with the 

presence of a third collisional system (i.e.  N2-CO2) in which the concentration of 

the perturber cannot be detected with pure-rotational fs/ps CARS. Such a collisional 

environment is often found in the product gases of a typical hydrocarbon flame, 

where CO2 can reach up to ~10% mol fraction. Similar to water vapor, the 

concentration of CO2 in flames is difficult to measure directly in the frequency 

domain using its pure-rotational Raman spectrum due to the low Raman cross-

section of this molecule. The pure-rotational CO2 spectrum can instead complicate 

temperature measurements obtained from the pure-rotational N2 spectrum, 

especially for Raman shifts below 100 cm-1 [149].  When compared to N2-N2 and 

N2-H2O, the amplitude and J-dependence of the dephasing coefficients for N2-CO2 

are significantly different. Consequently, the presence of CO2 in the probe volume 

could potentially impact the accurate detection of water vapor in a hydrocarbon 

flame. 

To investigate this complex interaction, I performed a numerical investigation 

of the effects of N2-CO2 inelastic collisions on the determination of water vapor 

concentration in hydrocarbon flames. This was done by simulating the time-

dependent N2 CARS spectra at conditions typically found on the products of a 

Figure 5.6: Evolution of the N2 CARS spectra simulated under representative conditions for 

the product gases of a premixed a CH4/air flame: T=2100 K, 𝑿𝑯𝟐𝑶=20% and 𝑿𝐂𝐎𝟐  =10%.
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stoichiometric CH4/air flame at atmospheric conditions (i.e. T=2100; 𝑋𝐻2𝑂=0.2).

The time-domain CARS model introduced in section 2.2.1 was used to generate the 

pure-rotational CARS spectra of N2 at the given conditions for multiple probe 

delays in the range of 20-470 ps.  

To model the evolution of the N2 molecular coherence in time, the dephasing 

coefficients of N2-N2 [117], N2-H2O [112] and N2-CO2 [150] were included in the 

model following Eq. 5.2. 

Figure 5.7: a) Simulated exponential decay of the integrated N2 CARS spectrum in a ternary 

mixture of N2, H2O, and CO2 at flame temperature T=2100 K and 𝑿𝐇𝟐𝐎=0.2. In this figure, the CO2 

mole fraction progressively increases (from yellow to black) from 𝑿𝐂𝐎𝟐
= 0 up to 𝑿𝐂𝐎𝟐

= 0.2 in steps 

of 0.05. A faster decay of the N2 CARS signal is observed as the concentration of CO2 increases. 

For comparison, the grey dashed line represents the decay of pure nitrogen 𝑿𝐍𝟐
= 𝟏  b) Potential 

overestimation of the water vapour concentration predicted when the CO2 mole fraction cannot be 

measured directly in the frequency-domain using fs/ps CARS. 
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A sensitivity analysis was then performed, generating each set of CARS signals 

with different amounts of CO2 concentrations (𝑋CO2
) while keeping the temperature

and water vapor mol fraction fixed. In this way, the effects of N2-CO2 collisions are 

isolated. Figure 5.6 shows an example of the N2 CARS spectrochronogram 

generated for one of the evaluated cases corresponding to T=2100 K, 𝑋H2O =20%

and 𝑋CO2  =10%. The RET caused by inelastic collisions between the simulated

species is manifested both in the decay of the intensity of each rotational transition 

as a function of time and in the shape of the spectrum due to the difference in the 

dephasing rate of each of the Raman transitions.  

Following the methodology described in section 5.3, a first numerical 

experiment was performed exploring the sensitivity of the CARS signal intensity to 

inelastic collisions between the evaluated molecules. The signal simulated at each 

probe delay was spectrally integrated, thereby yielding the exponential decay of the 

signal in time. Figure 5.7(a), presents the decay of the spectrally integrated CARS 

signal in an equivalent ternary collisional system (i.e. N2-N2, N2-H2O, and N2-CO2) 

for T=2100 K, 𝑋H2O = 0.2 and 𝑋CO2  varying in the range of  0-0.2. As it can be seen,

the time-domain  N2 CARS signal is highly sensitive to the presence of CO2 within 

the gaseous mixture, causing the Raman coherence to decay faster. Unfortunately, 

this dependence implies that if the concentration of CO2 in the gas mixture is 

unknown, a significant bias of 𝑋𝐻2𝑂 would occur.  To quantify this bias, a library

of theoretical dephasing curves was created using the time-domain CARS model 

for T= 2100 K, assuming 𝑋CO2
= 0  and instead varying 𝑋𝐻2𝑂 . Subsequently, each

of the exponential curves depicted in Fig. 5.7(a) were fitted to this library using a 

simple sum-square residual routine. Figure 5.7(b) shows the resulting concentration 

of water vapor estimated as a function of CO2 concentration in the mixture. It can 

be seen that as expected when 𝑋𝐶𝑂2
 increases, the model predicts a linear

overestimation of 𝑋H2O. In the products of a hydrocarbon flame where CO2 can be

found to be 𝑋𝐶𝑂2
~10% of the molecular composition of the mixture, 𝑋H2O might be

overestimated up to twice their true value from 𝑋H2O=0.2 to 𝑋H2O=0.4.

Furthermore, a second numerical experiment was performed, this time using 

the J-dependence of the CARS spectra to inelastic collisions in the ternary mixture. 

To do that, the pure-rotational N2 spectra were simulated for the same conditions as 

ΓJ→J+2
N2 = 𝑋𝑁2

∙  ΓJ→J+2(𝑁2 − 𝑁2) +  𝑋𝐻2𝑂 ∙ ΓJ→J+2(𝑁2 − H2𝑂)

+ 𝑋𝐶𝑂2
∙ ΓJ→J+2(𝑁2 − CO2)

(5.2) 
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in the previous case  (i.e. T=2100 K and 𝑋H2O=0.2) replicating the temperature and

composition of the product gases of a hydrocarbon flame. For this purpose, only the 

long probe delay τ =470 ps CARS signals were considered, assuming that at this 

delay the dephasing is significantly manifested in the change of the spectral shape. 

To illustrate this, Fig. 5.8 presents the change in the spectrum envelope for 

various levels of 𝑋𝐶𝑂2  in the gas mixture. As it can be seen, when 𝑋CO2  increases,

the spectrum reassembles that of a colder temperature. Even if this difference may 

Figure 5.8: Sensitivity of the N2 CARS spectrum to inelastic collisions with N2 (i.e. self-

perturbed), H2O and CO2. a) Simulated pure-rotational spectrum of N2 for T=2100 K and 𝑿𝐇𝟐𝐎=0.2 

at a probe delay τ =470  ps. Two different CO2 concentrations in the gas mixture are displayed 

(𝑿𝑪𝑶𝟐
=0 and 𝑿𝑪𝑶𝟐

= 0.05). Spectral cooling is observed in N2 spectrum with increasing CO2 

concentration as evidenced on residual plot which result from subtracting the spectrum computed 

for 𝑿𝑪𝑶𝟐
= 0 from the spectra where 𝑿𝑪𝑶𝟐

> 0. b) Potential underestimation of the water vapour 

concentration predicted when the CO2 mole fraction cannot be measured directly in the frequency-

domain using fs/ps CARS. 

A

A

a



95 Water vapor concentration measurements using time-resolved CARS 

not appear to be as severe as when the signal is spectrally integrated, this 

methodology may still bias the measurement of H2O in the flame. To quantify this 

bias, each of the simulated spectra was fitted to a library of N2 CARS spectra 

generated for the given temperature, assuming that there is no CO2 in the mixture 

and therefore dephasing is caused solely by RET between N2-N2 and N2-H2O. These 

results are presented in Fig. 5.8(b). As it can be seen, when the concentration of 

CO2 is unknown, water vapor is considerably underestimated.  The concentration 

of water vapor estimated in a hydrocarbon flame can be up to 25% lower than the 

true value. This suggests that in order to make this technique work for hydrocarbon 

flames, it is imperative that 𝑋CO2  can be measured simultaneously in the flame.

Nonetheless, the fact that N2-CO2 inelastic collisions have a large impact on the 

time-domain N2 CARS signal can potentially be used to measure simultaneously 

𝑋CO2  and 𝑋H2O in a flame. This can be achieved by employing a two-dimensional

fitting routine in which 𝑋CO2  and 𝑋H2O are estimated from the combined sensitivity

of the CARS signal to inelastic collisions both on the change of the spectral 

envelope at long probe delays (i.e. J-dependence) and on the exponential decay of 

Figure 5.9: Two-dimensional fit of H2O and CO2 concentration obtained independently by 

using both the J-dependence (depicted in blue) and  exponential decay (depicted in black) of the 

CARS signal for a synthetic spectrum of N2 simulated at the conditions expected in a hydrocarbon 

flame (i.e. T=2100 K, 𝑿𝐇𝟐𝐎= 0.2 and 𝑿𝐂𝐎𝟐
=0.1 ) in the range 20 < τ < 470 ps. By combining these 

two methodologies, a solution for the two unknown scalars can be obtained. 
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the spectrally integrated signal. To test this hypothesis, the procedure used in Case 

A and Case B was repeated, this time using a two-dimensional library generated for 

T=2100K, 𝑋CO2  and 𝑋H2O. Figure 5.9 presents the best fit obtained independently

using the J-dependence (blue curve) and exponential decay (black curve) for the 

evaluated case. As it can be seen, in both methods, various combinations of  𝑋CO2

and 𝑋H2O are possible for the given dephasing rate of the signal. Therefore, it is

virtually impossible to obtain a single solution to the problem using each of them 

independently. However, when both methods are applied the solutions converge 

and it might be possible to deduce 𝑋𝐶𝑂2  and 𝑋𝐻2𝑂  simultaneously.

A more detailed investigation should be performed in order to verify the 

feasibility of using the time-domain N2 CARS signal for the determination of the 

concentration of two distinct species simultaneously. This methodology thus opens 

a new field for further research into the prospects of measuring the concentration 

of more species by leveraging the sensitivity of fs/ps CARS signal to RET between 

molecules in gas-phase reacting environments. 
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Chapter 6 

Spatiotemporal 1D-CARS for multi-

scalar measurements in turbulent 

hydrogen flames  

This thesis chapter delves into the application of all the CARS advancements 

presented in this thesis to explore the potential of the system for quantifying 

molecular transport phenomena within turbulent hydrogen flames. Simultaneous 

single-shot imaging of temperature, H2, and H2O mole fractions are obtained along 

a one-dimensional field of view of 0.8 mm, at 1 kHz sampling rate in a replica of 

the TU Darmstadt/DLR Stuttgart H3 flame, which is a canonical turbulent non-

premixed H2 flame. Due to the constraints outlined in the methodology presented 

in chapter 5 regarding water vapor measurements exclusively being applicable to 

laminar flames, certain modifications to the experimental setup are introduced. This 

involves the development of a polarization separation approach to probe the 

molecular coherence simultaneously at ~7.5 ps and ~250 ps, and record the 

resulting signals in two distinct detection channels of the polarization-sensitive 

coherent imaging spectrometer. This approach enables the acquisition of single-

shot measurements of water vapor even within dynamic environments, providing 

the possibility to measure directly the transport of relevant combustion species such 

as hydrogen in turbulent flames. 

Part of the results discussed in this chapter haven been published in paper II 



99 Spatiotemporal 1D-CARS for multi-scalar measurements in turbulent 

hydrogen flames 

6.1 Introduction 

The results presented in chapter 3, showcased the capability of the system to 

perform temperature measurements with correlated spatiotemporal resolution 

across a one-dimensional field of view in high-temperature combustion 

environments. This demonstrated a state-of-the-art resolution in which step scalar 

gradients can be resolved in space-time on the basis of a single laser shot, and to 

some extent, dynamics in transient environments can be resolved using kHz 

repetition rate. Furthermore, in chapter 5, I introduced a new methodology to 

measure the complete set of relevant scalars in an H2 flame. Nitrogen thermometry 

and H2 and O2 species concentration were simultaneously obtained from the pure-

rotational CARS signal in the frequency domain. On the other hand, water vapor 

was obtained using the species' sensitivity to inelastic collisions between N2 and 

H2O in the time domain. The decay of the CARS signal is directly measured by 

sequentially acquiring the pure-rotational N2 spectra at different probe-pulse delays. 

In this sense, its applicability might be limited only to stable environments such as 

laminar flames. To overcome this limitation, the present chapter presents a new 

methodology that allows the application of all the advancements developed during 

this thesis to obtain multi-field CARS imaging in turbulent H2 flames. 

The goal of performing multifield diagnostics in turbulent hydrogen flames is 

to obtain direct insight into the flame structure, which is governed by flow 

turbulence and complex molecular mass transport processes. These flames differ 

from typical hydrocarbon flames mainly due to the fast diffusion of hydrogen. 

Numerical models often assume that all major species in flames have the same 

diffusivity, and thus, turbulent transport is dominant over molecular mixing [151]. 

Although this is a reasonable assumption for hydrocarbon flames, differential 

diffusion can cause serious distortions of the local flame structure and combustion 

dynamics when light-weight H2 molecules are present. An inverse relationship 

exists between the diffusion rate of a molecule in the gas phase and the squared root 

of its molecular weight [152]. This means that, compared to oxygen, hydrogen 

molecules diffuse four times faster. In reacting flows where heat is produced, this 

causes the mass diffusivity of hydrogen to be much faster than its thermal 

diffusivity, a phenomenon known as preferential diffusion. This effect is quantified 

by the Lewis number Le, which defines the ratio of thermal conductivity (α) to mass 

diffusivity (Dm) in the flame. Currently, the investigation of hydrogen preferential 

diffusion remains a critical outstanding challenge for the development of systems 
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working under both premixed and non-premixed H2 combustion as it has a direct 

impact not only on the flame structure ( i.e. temperature, scalar flux, strain rate, 

flame orientation) [153,154], but also on the stability of combustion systems in 

close to real-world applications as it can lead to thermodiffusive instabilities [155]. 

Unfortunately, to date, comprehensive scalar measurements in turbulent H2 flames 

are scarce and have yet to become available [156].  

The first detailed measurements of the temperature and species distribution in 

turbulent hydrogen flames were performed in the nineteen eighties with the 

pioneering work of Dibble et al. [157] at Sandia National Laboratories and later by 

Meier et al. [158] at DLR Stuttgart. In the work of Meier et al. radial profiles of 

temperature, as well as  N2, O2, H2, and H2O mole fractions were obtained from 

point-wise spontaneous Raman scattering measurements. These datasets were 

obtained in a series of turbulent non-premixed test flames cases, using a simplified 

unconfined jet burner developed at The Technical University of Darmstadt [159]. 

In particular, one of these flame cases, known as the H3 flame, became the standard 

benchmark case for the investigation of hydrogen non-premixed combustion [160] 

and was in this flame that for the first time, the effects of H2 differential diffusion 

were observed.  After that, very few detailed spectroscopy diagnostics studies have 

been performed in turbulent H2 flames, and thus, the data obtained in Meier’s 

measurement campaign is still used to test the numerical turbulent combustion 

models [161–164].  

From a diagnostics perspective, recent developments in fs/ps CARS imaging 

spectroscopy as the ones presented in this thesis, could bring several advantages for 

the development of predictive engineering models that still rely on the experimental 

data obtained by Meier et al..  For instance, hydrogen preferential diffusion could 

be directly measured for the first time by correlating single-shot temperature 

profiles and the corresponding instantaneous species gradient in the flame. 

Additionally, the experimental data can be obtained with increased spatial and 

temporal resolution as compared to Ref. [158] where measurements were 

performed with a lateral spatial resolution of 0.65 mm at the 1/e2 at 5 Hz repetition 

rate.  This chapter demonstrates the feasibility of performing spatiotemporal 1D-

CARS in a turbulent hydrogen flame, mapping simultaneously the temperature and 

correlated composition of the H2, O2, and H2O in the canonical H3 flame. Although, 

detailed multi-field 1D-CARS measurements have been successfully performed 

both in CH4/air [165] and H2/air [166] flames, in these works water vapor profiles 

across the flame-front had not been reported. Therefore, the methodology 

introduced in chapter 5 to detect water vapor has been adapted for single-shot 
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measurements. This is achieved by using a dual-probe CARS approach to 

simultaneously acquire the CARS spectra a short and long probe delay mapping the 

dephasing of the pure rotational CARS signal. 

6.2 Experimental set-up 

6.2.1 The H3 flame  

A replica of the TU Darmstadt unconfined jet burner used in [158] was built to 

generate the H3 flame. The simplicity of this burner geometry allows to easily 

reproduce the results for experimental verification as well as for further simulation 

and is depicted in Fig. 6.1. The burner consists of a straight stainless-steel tube, with 

an 8 mm inner diameter and a tapered rim at the exit. A concentric contoured nozzle, 

with an inner diameter of 140 mm, provides a low-speed coflowing airstream 

helping to stabilize the flame as well as to shield it from local air currents in the 

ambient. As in the original model, a settling chamber composed of three sets of fine 

meshes is installed to straighten the air co-flow and provide a top-hat velocity 

profile.  

Figure 6.1: Turbulent diffusion H2-N2/air jet flame. a) Cross-sectional view of the burner. The 

central pipe (8 mm diameter) carries H2 fuel diluted with N2 in a 1:1 volumetric ratio. A series of 

three meshes straighten the air in the co-flow, which is subsequently accelerated thought the 

contoured nozzle, ensuring laminar velocity profile. Relevant dimensions and key components are 

highlighted. b) Picture of the turbulent H3 jet flame stabilized on the rim of the burner.  

A
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Digital mass flow controllers (Bronkhorst) are employed to regulate the volumetric 

flows of N2 and H2 constituting a 50%–50% (in volume) mixture. The reason why 

N2 is included in the fuel stream is to reduce the heat losses induced by radiation, 

however, it also reduces the spatial resolution requirements of the diagnostics 

instrument as a “thicker” flame front is generated. The H2/N2 mixture is further 

streamed through the center pipe of the burner with an exit speed of 34.8 m/s 

resulting in a turbulent fuel flow with Re=10000. Finally, the burner is mounted on 

a set of 3-D mechanical translation stages to control its axial,  and radial position. 

Figure 6.1(b), presents a photograph of the H3 flame generated in the advanced 

laser and flames laboratory at TU Delft. While H2 flames are presumed to be 

“invisible” to the human eye due to the absence of carbon radicals emitting light in 

the visible electromagnetic spectrum, surprisingly, this flame is characterized by a 

subtle yet entrancing interplay of pale blue and reddish chemiluminescence 

emission. The source of the red emission is traced back to the hot water vapor 

generated at the product gases of the flame. However,  a recent study suggests that 

the embrittlement of metal particles in the pressurized hydrogen cylinders might be 

the main cause of the reddish color of the flame [167]. Conversely, discerning the 

origin of the blue emission proves to be a nontrivial pursuit. Fundamental studies 

in these hydrogen flames suggest that this emission comes from reactions between 

hydrogen atoms (H) and hydroxyl radicals (OH) [168,169]. Still, further 

investigation is needed to understand completely the origin of this emission. 

6.2.2 Two-beam fs/ps CARS optical system 

The measurements are performed using the fs/ps CARS imaging set-up already 

described in chapter 3. However, in this case, O-branch Raman transitions were 

measured instead of S-branch Raman transitions. The reason is that the coherent 

Raman signal is stronger on the Stokes side due to the higher efficiency of the 

spectrometer at wavelengths >400 nm. Following the methodology described in 

chapter 5, temperature is obtained from the pure-rotational Raman spectra of N2. 

On the other hand, the concentration of O2 and H2 is obtained in the frequency 

domain from the relative intensity of the CARS spectra of these molecules with 

respect to N2. Finally, water vapor concentration is deduced from the time-resolved 

measurement of the N2 CARS signal dephasing rate. However, since the 

temperature and chemical composition of the flow are highly dynamic in turbulent 

flames, a dual-probe CARS scheme is implemented to achieve single-shot water 

vapor measurements. This is achieved by splitting the probe pulse into two separate 

beams and controlling the delay of each of them relative to the pump/Stokes pulse. 
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In this way, collisional-independent measurements at short probe delay and a time-

resolved measurement of the RET at longer probe delays. The dual-probe approach 

was first demonstrated by Patterson et al. to perform single-shot measurements of 

the collisional dephasing of the S-branch N2 CARS spectrum [170], and 

subsequently employed to perform CARS pressure measurements in point-wise and 

one-dimensional configurations [171–173]. 

Two main modifications to the optical set-up were thus required. The first one 

is regarding the generation of the dual probe. After shaping the probe pulse in the 

4-f filter, a 400 nm half-wave plate combined with a thin-film polarizer is

introduced in the beam path to split the probe laser beam into two orthogonally

polarized components. The vertically polarized component of the beam is reflected

Figure 6.2: a) Schematic of the experimental setup employed for single-shot dual-probe CARS 

measurements in the H3 flame. A half wave plate (HWP) combined with a pair of thin-film 

polarizers (P) are employed to split the probe in two pulses with orthogonal polarization and 

recombine them with an intra-pulse delay of ~250 ps. The subscripts "v" (vertical) and "h" 

(horizontal) represent the alignment of the symmetry axes of the cylindrical lenses (CL). The cross-

polarized CARS signals are simultaneously collected in two distinct detection channels in the 

polarization-sensitive coherent imaging spectrometer. M, mirrors; SL, spherical lens; BPF, band-

pass filter; TG, transmission grating; B, burner. The insets b) and c) , show respectively a picture of 

the dual-probe optical arrangement and the polarization-sensitive coherent imaging spectrometer. 
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by the polarizer and directed to a retroreflector mounted on a linear translation stage 

that controls the relative delay of the two probe pulses. Both components are 

recombined using a second thin film polarizer at a buster angle. Furthermore, the 

two laser beams are directed towards the probe volume in a collinear fashion, 

resulting in an intra-pulse delay of 250 ps.  The collinear dual-probe approach 

guarantees the automatic overlap of the two probe pulses at the measurement 

location and minimizes the uncertainty due to phase-mismatch between the 

degenerate pump/Stokes and probe beams, which can significantly impact the 

intensity of the second H2 line at higher Raman shifts.  

The polarization-sensitive coherent imaging spectrometer described in paper V 

is adapted for this study to perform simultaneous detection of short- and long-probe 

delay CARS signals in two distinct detection channels. A 400 nm half-wave plate 

tunes the polarization of the CRS signals to match the polarization axis of a thin 

film polarizer, which separates the orthogonally polarized signals in two different 

detection channels of the spectrometer. An additional half-wave plate mounted on 

channel #2 aligns the polarization of the signal to optimize the transmission 

efficiency of the high-resolution transmission grating (3600 l/mm). Finally, a 

spherical lens (f:=400 mm) is used to image the dispersed CRS signals onto the 

sCMOS sensor, allowing the acquisition of both signals simultaneously. 

Measurements were initially conducted using a point-wise configuration to 

validate the technique, and upon successful demonstration of its feasibility, the 

methodology was subsequently extended to 1D imaging. In the first set of 

experiments, the pump/Stokes and the probe beams are focused on the measurement 

location using spherical lenses of 500 mm and 300 mm focal length respectively. 

Point-wise 0-D measurements are thus acquired in the H3 flame providing a first 

proof of concept of the applicability of the dual-probe approach in turbulent reactive 

flows. The crossing angle for the two-beam phase-matching configuration is 

estimated to be ∼3°, which results in a probe volume of  ∼22 μm (height) x ∼0.6 

mm (length) x ∼22 μm (width). In these measurements,  the probe duration was set 

to ∼12 ps FWHM, with ∼300 μJ/pulse, corresponding to a FWHM bandwidth of 

∼2.7 cm-1. On the other hand, the pump/Stokes energy was attenuated from ~2.5 

mJ/pulse to ∼60 μJ/pulse to avoid undesired effects such as semipermanent 

molecular alignment and laser-induced plasma generation.   
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 Figure 6.4: Raw single-shot 1D-CARS images acquired simultaneously at τ=7.5 ps and τ=250 

ps in the fuel stream of the H3 flame. Top part of the image is positioned towards the fuel stream in 

the of the burner. The spatial shift in the population of the N2 transitions, suggest a gradual change 

in temperature across the evaluated field of view. The diminishing intensity of the first two H2 

rotational transitions highlights the ongoing fuel consumption during the chemical reaction.  

A

Figure 6.3: Point-wise single-shot CARS spectra simultaneously generated at 20 ps and 250 

ps in the fuel stream of the H3 flame, and recorded in the two detection channels. Both spectra are 

normalized with respect to the S(1) rotational line of H2, at 587 cm-1. 
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In the second experimental arrangement, the combined pump/Stokes and probe 

beams are focused using plano-convex cylindrical optics (CL.h=500 mm and 300 

mm, respectively) to generate a horizontal 1-D FOV oriented horizontally 

perpendicular to the flame-front. The length of the light sheet at the probe volume 

of both the femtosecond and the picosecond beams is tuned to ~2 mm and ~0.8 mm 

respectively. This operation is perform by introducing an additional cylindrical lens 

in each of the beams (CL.v=1000 mm and 300 mm respectively)  with the focusing 

axis perpendicular to the first lens (CL.h). The compression of the light sheet 

enhances the irradiance of the beams, consequently increasing the signal strength. 

Additionally, by reducing the length of the probe laser sheet, short and long probe 

delay CARS images can be acquired simultaneously on a 200x2048 pixels area 

around the center of the camera sensor, maintaining an imaging resolution of 20 

μm. This enables the acquisition of single-shot dual-probe images at a repetition 

rate of 1 kHz. The resulting spatial resolution of the system is thus ~20 μm (height) 

x ~0.5 mm (length) x 0.8 mm (width). In this case, the width of the probe volume 

corresponds to the imaging field of view. While the probe energy was maintained  

at ∼300 μJ/pulse, the energy of the pump/Stokes beam has to be set to 2 mJ/pulse 

to obtain sufficient SNR across the entire FOV. 

For this particular set-up, a turning periscope composed of two flat silver 

mirrors is mounted at the entrance of the imaging spectrometer after collimating the 

CARS beam. In this way, the image is rotated 90° thus mapping the one-

dimensional spatial coordinate of both CARS signals along the vertical axis of the 

sCMOS sensor, while storing the pure-rotational spectra along the horizontal axis. 

The imaging resolution of the coherent spectrometer obtained by inserting a razor 

blade at the probe volume and quantifying the corresponding LSF yielded  ~22 μm 

for channel #1 and ~32 μm for channel #2.  The slightly worse resolution obtained 

in channel #2 is due to defocusing aberration which affects the image sharpness and 

is caused by a difference in the beam path between the two channels after the last 

imaging lens. 

Acquiring the CARS signals within the dynamic range of the sCMOS sensor 

was one of the key difficulties in both point-wise and line imaging experimental 

setups. This is due to the significant differences in signal strength induced by 

number density, coherence dephasing, and molecular susceptibility of the Raman 

active species involved.  The balanced detection of the signal is thus performed by 

controlling the ratio of energy between the two cross-polarized probe pulses so as 

to avoid signal saturation at room-temperature in both channels. Additionally, 

signals below ~150 cm-1 were attenuated using the angle-tuned bandpass filter. To 
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account for the difference in pulse energy as well as for the polarization-dependent 

signal generation efficiency and the transmission efficiency of the two detection 

channels, the experimental spectra are corrected generating the signal in a room-

temperature N2 flow with the two probe pulses at the same relative delay.  Figure 

6.3 shows an example of the two single-shot spectra simultaneously generated at 

20 and 250 ps in the fuel stream using point-wise measurements. The effect of 

molecular collisions after 250 ps is visible on the envelope of the pure-rotational N2 

CARS spectrum, as well as on the differential dephasing of the pure-rotational H2 

signal characterized by a much lesser RET rate. Similarly, Fig. 6.4 shows the 

simultaneous single-shot detection of short and long probe delay images, generated 

in the fuel stream of the H3 flame at 0.5 HAB. Remarkably, a gradient of 

temperature can be resolved within this FOV as demonstrated by the gradual shift 

in the population of N2 rotational energy levels across the spatial axis of the image.  

Additionally, it is possible to see that the intensity of O(1) and O(2) hydrogen 

transitions changes significantly across the FOV thus suggesting a steep gradient in 

the concentration of H2 at the evaluated flame location at this particular instant of 

time.  

6.3 Results 

6.3.1 Dual-probe point-wise CARS measurements  

The developed approach for simultaneous single-shot detection of main 

combustion species in the turbulent H3 flame was first demonstrated by performing 

point-wise CARS measurements. Four samples of 300 single-shot CARS spectra 

were acquired at a radial location 6.75 mm from the centreline of the flame, at the 

highest temperature in the oxidizer stream. The scatter plot in Fig. 6.5 shows the 

measured H2O mole fraction versus temperature at the chosen flame location, while 

the grayscale color of each data point represents the local O2 mole fraction. The 

latter shows an inverse correlation to the local temperature, with the O2 mole 

fraction increasing at lower temperatures. Similarly, the measured  H2O mole 

fraction has a clear correlation to the temperature in the reaction zone of the 

turbulent flame, with the concentration increasing with the local progress of the 

reaction in the probe volume. The clustering of the data points showing a high H2O 

mole fraction at high temperatures is in good agreement with the original 

measurements performed by Meier et al. on the H3 flame. At lower temperatures, 

when a significant concentration of O2 is present in the probe volume, the measured 
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H2O mole fraction shows a more spurious correlation, which is probably due to the 

beating of the N2 lines employed in the measurement with O2 lines. 

  From the point-wise data obtained at this location, it is also possible to 

correlate the different scalar fields measured at a fixed spatial location in the flame 

as a function of time. An example of this is presented in Fig. 6.6 which shows the 

fluctuations in temperature as well as the corresponding water vapor mole fraction 

Figure 6.5: Scatter plot of the H2O mole fraction versus temperature measured by the 1200 

single-shot CARS spectra acquired at the location with the highest temperature in the turbulent H3 

flame. The grayscale color represents the measured O2 mole fraction.  
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Figure 6.6: Temporal correlation of temperature and water vapor concentration for 1200 

single-shots measured at y= 6.5 mm at 0.5 HAB. Turbulence-driven fluctuations in temperature 

exhibit a synchronous relationship with variations in water vapor concentration. At this spatial 

location, some dynamics can be resolved with the sampling rate employed. 
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obtained for 1200 sequential single laser shots acquired at a repetition rate of 300 

Hz. employed in the measurement with O2 lines.  

First of all, it is possible to see that low-frequency fluctuations in temperature 

can be captured at this location in the flame. During the course of the experiment, 

the temperature fluctuates between ~900 K and ~2200 K. Such fluctuations are 

most likely caused by Kelvin-Helmholtz vortices generated at the interface between 

the fuel and air flows at the burner exit. Moreover, by looking at the time evolution 

of the measured data, it is clear that there is a direct correlation between these two 

scalars. As expected, when the temperature increases, the concentration of water 

vapour rises varying between 𝑋H2O= 0 and 𝑋H2O~0.35 in mole fraction at the

highest temperature.  

6.3.2 Multi-field spatiotemporal 1D-CARS measurements 

Once the proof-of-concept of the dual-probe approach was achieved, measurements 

using the second experimental arrangement were performed. A dataset composed 

of 1000 single-shot 1D-CARS images was acquired simultaneously, both at short 

and long probe delays, at 1kHz repetition rate. The FOV was oriented perpendicular 

to the flow to measure the evolution of the reaction and between the fuel and 

oxidizer. The probe volume was located at 0.5 HAB, at an axial position y= 4.0 mm 

away from the centreline of the fuel nozzle.   

Figure 6.7 shows the spatiotemporal temperature map obtained from the short 

probe CARS signal, measured at this location during the first 100 milliseconds of 

the experiment. Highly step temperature gradients can be resolved across the FOV 

where temperature rises from ~400 K and can reach ~1000 K increasing towards a 

larger axial distance from the center of the burner. Additionally, it is possible to 

observe that at this location, the temperature varies greatly from shot-to-shot. Such 

variations are most likely caused by physical fluctuations in the flame-front position 

induced by shear-driven instabilities at the interface of the jet fuel and the air stream 

in the co-flow. Small coherent vortices develop within the hot jet shear layer 

remaining coherent for short distances downstream until they coalesce [174]. The 

of 200-400 Hz are predicted for H2/N2 diffusion flames with similar burner 

geometry [175].     
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Moreover, in Fig. 6.8, correlated single-shot profiles of temperature, as well as 

H2 and H2O mole fractions measured at four different instants in time of the 

experiment are presented as an example of the type of thermochemical mapping 

achievable with this technique. Several observations can be made from these scalar 

profiles. As it can be seen in Fig. 6.8(a), when temperature rises from ~400K and 

~700 K, the H2 mole fraction is relatively stable, and minimal consumption is 

observed. At this instant of time, the concentration of water vapor hovers around 

zero, indicating that the reaction has not yet started. Furthermore, as shown in Fig. 

6.7(b) when temperatures increase above ~700 K, H2 starts to be consumed faster, 

exhibiting a proportional response to the temperature increase. However, in some 

frames captured at this flame location, the correlation between temperature and 

species mole fraction becomes less obvious. For instance, in Fig. 6.8(b), the H2 

profile shows a prominent peak in concentration of 𝑋H2= 0.6, followed by a sudden

decrease to a minimum value of 𝑋H2= 0.2, all within a narrow spatial range of ~

400 µm. Notably, the corresponding temperature profile at this location does not 

seem to increase proportionally to this trend. Likewise, the H2 profile in Fig. 6.8(b) 

exhibits a pronounced non-uniformity, with local minimal found at different points 

within the field of view. This behaviour might be linked to unreacted pockets of H2 

transported due to the molecule's fast diffusivity. These observations are consistent 

Figure 6.7: Spatiotemporal map of temperature evolution in the fuel stream of the H3 Flame 

at y=4 mm from the burner centre: Initial 100 single-shot images from a 1000-frames data set 

acquired at 1 kHz rate. The exceptional spatial resolution captures step scalar gradients, ranging 

from ~400 K to ~1000 K, occurring within approximately 0.8 mm, offering detailed insights into 

the dynamic temperature profile. 
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with measurements reported by Meier et al., who identified H2 preferential 

diffusion as a major factor determining the flame structure near the burner rim. 

Overall, the novel CARS approach presented here has promising applications 

as an all-around laser diagnostic technique for multifield scalar imaging 

measurements in both laminar and turbulent hydrogen flames, allowing for the 

simultaneous mapping of the temperature and chemical composition of the flow.  

Figure 6.8: Comparison of single-shot 1D-CARS temperature, H2, and H2O mole fraction 

profiles at y=4 mm, 0.5 HAB, obtained at t=333 ms, 567 ms, 628 ms, and 925 ms. Panels a) and b) 

illustrate cases where the temperature profile gradually increases (towards the oxidizer stream), and 

hydrogen begins to decrease in response to the chemical reaction. In contrast, panels c) and d) reveal 

steeper gradients, particularly in hydrogen mole fraction, which do not correlate with the 

temperature profile. This discrepancy may be attributed to unreacted pockets of hydrogen, possibly 

caused by the fast diffusion of this molecule. 
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Chapter 7 

Conclusions and outlook 

This doctoral thesis has focused on the development of an ultrafast fs/ps CARS 

instrument tailored to investigate the local structure of hydrogen flames. The 

pressing relevance of hydrogen in combustion applications underscores the 

paramount importance of this work, as it directly addresses the need for high-

fidelity diagnostics to harness the full potential of hydrogen in clean and efficient 

energy systems. Throughout the course of this research, several pioneering 

advancements have been achieved particularly in terms of spatiotemporal resolution 

for multifield scalar measurements across step spatial gradients. These 

achievements translate into a marked improvement in the accuracy and precision of 

scalar measurements in dynamic environments. Additionally, a key contribution of 

this work was the evaluation of the feasibility of simultaneous measurements of the 

most relevant scalar fields in hydrogen flames which allows the direct observation 

of molecular transport processes that govern the propagation of laminar and 

turbulent hydrogen flames.  

 The first stage of the project involved the design and construction of the 

experimental platform, documented in paper I. For the first time, two-beam fs/ps 

CARS line imaging was achieved at a kilohertz repetition rate using a single 

regenerative amplifier system. The inherent broadband spectrum of the 35 fs-

duration laser pulses employed, allowed to impulsively excite the entire pure-

rotational energy manifold of N2 and O2 molecules, as well as the first two rotational 

Raman transitions of H2 located at 354 and 587 cm-1 respectively. The use of second 

harmonic compression allowed to efficiently generate high-energy picosecond 

probe pulses, which are temporally locked to femtosecond pulses. As a result, 

CARS signal can be generated across a field of view of ~1.5 mm at 1 kHz repetition 

rate at flame temperatures.  

To detect the CARS signal, a wide-field coherent imaging spectrometer had to 

be specially designed to capture the single-shot 1D-CARS images at 1 kHz 

acquisition rate with sufficient spectral resolution to resolve pure-rotational 

transitions of the N2, O2, and H2 in the range of 0-600 cm-1. In this respect, this work 
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provided the first demonstration of an sCMOS sensor without an intensifier for gas-

phase CARS signal detection.  The dynamic range of this sensor (16-bit) proved to 

be more than adequate for capturing the large temperature gradients observed in the 

flame front of a typical laminar premixed flame, providing a linearity better than 

99%. The capability of acquiring high-temperature CARS signals with an sCMOS 

camera can be caused by the high Raman cross-section that this technique provides 

due to the use of a 400 nm probe pulse as compared to the convenient 532 nm 

wavelength (2nd harmonic of Nd:YAG laser) employed in most of the existing 

CARS systems. However, further investigation should be undertaken to evaluate 

the probe wavelength dependence on the Raman cross section in the context of fs/ps 

CARS spectroscopy.  

Significant improvements have been achieved in spatial resolution when 

compared to state-of-the-art CARS instruments documented in the literature. 

Specifically, I reported an improvement from the previous 40 μm to the current 20 

μm. Likewise, the imaging resolution has seen a similar enhancement, going from 

50-60 μm [80,173] to approximately 20 μm. To provide context for the relevance 

of these advancements, it is important to consider a typical laminar premixed 

hydrogen/air flame under stoichiometric conditions, where both the preheat and 

reaction zones extend over approximately 500 μm with a steep temperature gradient 

ranging from 300 K to 2400 K. In Section 1.2.1, it was observed that avoiding 

systematic bias in temperature retrieval in such an environment, caused by spatial 

averaging effects, requires instruments with a spatial resolution of at least 20 μm. 

Consequently, the imaging capabilities of this CARS instrument enable the 

sampling of such a gradient with 25 independent measurement points. 

To benchmark the system, cinematographic 1D-CARS thermometry at 1 kHz 

was demonstrated across an unstable premixed methane/air flame front. Even 

though the use of a single regenerative amplifier provides a limitation in the 

available probe and pump/Stokes pulse power, sufficient signal strength was 

achieved to image the temperature and O2/N2 mole fraction across the entire flame 

structure from reactants (~300 K) to fully burnt products (~2200 K) on the basis of 

a single laser shot. With the available spatiotemporal resolution, the system proves 

to be sufficiently robust against disturbances originating from the laboratory frame 

by tracking the position of the flame-front in every instant in time. For instance, 

periodic fluctuations in the flame-front position at frequencies of 13 Hz and 75 Hz 

and amplitudes of ~300 µm and 50 µm respectively were discerned. This correlated 

resolution thus provided a significant reduction in the uncertainty of the  
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measurements as compared to point-wise measurements yielding state-of-the-art 

single-shot precision <1% and inaccuracy <3% for flame-front studies.  

One of the biggest challenges faced during the implementation of second 

harmonic bandwidth compression to generate the ps-duration probe pulses was 

dealing with the blue-shifted sidebands that appeared on the pulse spectrum 

spanning ~40 cm-1. This complication rendered the acquisition of CARS signals at 

low Raman shift impractical, given the interference between the sidebands and the 

pure-rotational spectrum. In this doctoral dissertation, I presented two distinct 

approaches for using the SHBC-produced picosecond pulses in two-beam CARS 

diagnostics. The first one involved the implementation of a custom 4-f pulse shaper 

to filter out the sidebands, as detailed in paper I. This method was successfully 

applied for spatiotemporal 1D-CARS diagnostics allowing to resolve pure-

rotational N2 CARS transitions even at low Raman shifts. Unfortunately, using this 

methodology, a loss of ~70% of the available pulse energy was observed which 

might limit the applicability of the technique in more demanding applications.  

Hence, in the second approach, I proposed to use the output of the SHBC 

directly, without filtering the spectral sidebands, and acquire the CSRS instead of 

the CARS spectrum, thus avoiding interference between the signal and the probe 

pulses at the sCMOS sensor. In this scenario, achieving a precise characterization 

of the probe spectral phase became crucial for modelling CSRS signals due to the 

non-linear chirp observed in the pulse. This characterization was successfully 

achieved in paper III through the development of a new methodology in which the 

inherently ultrashort duration of the CARS non-resonant signal (~35 fs) was 

employed to measure the relative phase of different spectral components of the 

probe pulse. The main advantage of this methodology is that the CRS process itself 

was used to realize autocorrelation measurement on the ps probe pulse without the 

need for additional equipment.  

Furthermore, this thesis also delved into a well-known challenge for two-beam 

fs/ps CARS spectroscopy: the robust measurement of the H2 pure-rotational Raman 

spectrum. At flame temperature, the H2 spectrum spans more than 2000 cm-1 

making it difficult to perform reliable multiplex measurements with commercially 

available fs laser sources. Nonetheless, with the available bandwidth of the 

transform-limited 35 fs-duration pulses provided by the Astrella amplifier, I was 

able to measure simultaneously the entire pure-rotational N2 CARS spectrum and 

two rotational transitions of the pure-rotational H2 CARS spectrum, namely S(0) at 

354 cm-1 and S(1) at 587 cm-1.  This allowed me to accurately determine the relative 

concentration of H2 in a laminar H2/N2 diffusion flame, in the range of ~0.1-0.5 mol 
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fraction. The lower detection limit was affected by the diminished population of 

S(0) and S(1) H2 transitions when temperatures exceed ~1500 K. Nevertheless, 

above this temperature, it is expected that most of the hydrogen is consumed, thus 

the first two rotational transitions of hydrogen provide sufficient sensitivity to track 

the concentration of this scalar in most flames in which H2 is present in the fuel 

stream. In all evaluated cases, the relative standard deviation of the measured mole 

fractions of H2 remained below ~2.5%. From these results, however, it became 

evident that to enhance H2 concentration sensitivity at higher temperatures in 

flames, more sophisticated excitation schemes are necessary to induce rotational 

coherence within the entire H2 energy ensemble. This was successfully 

demonstrated in paper VI, where laser-induced filamentation was employed to 

simultaneously probe six rotational lines of H2, ranging from O(2) at 354 cm−1 to 

O(7) at 1447 cm−1, at elevated temperatures. For further details, interested readers 

can refer to the work of Mazza et al. [176] 

In addition, one of the main novelties presented in this thesis was the 

development of a new strategy to deduce the concentration of water vapor from the 

pure-rotational N2 CARS signal in the time domain. Due to the weak H2O resonant 

Raman spectra, this molecule cannot be directly measured in the frequency domain. 

However, inelastic collisions between N2 and H2O for which a higher energy 

exchange rate is observed as compared to other major combustion species provide 

an additional degree of sensitivity that can be used to determine its mol fraction. To 

test this hypothesis, a laminar H2/air diffusion flame was employed, and point-wise 

measurements of correlated temperature and the relative O2/N2 and H2/N2 

concentrations were performed in the frequency domain. The local H2O 

concentration, was thus deduced from the exponential decay of the N2 CARS 

spectra acquired sequentially at probe delays up to 360 ps.  Water vapor was 

detected in the reaction zone, with a maximum mole fraction of 0.34 at 1600 K and 

a minimum of 0.03 at 800  K. The uncertainty in the measured H2O concentrations 

is mostly due to shot-to-shot fluctuation in the temperature and flow composition 

good single-shot precision of the CARS thermometry, varying in the range 0.8-

3.7%.  These were some of the most remarkable results obtained from this thesis, 

as the information simultaneously accessible with this new development has the 

potential to provide significant insights into the chemical and physical processes in 

hydrogen flames. This was demonstrated by the direct measurement of H2 

preferential diffusion in the tested flame.  

To complement this study, a numerical investigation was carried-out to explore 

the possibility to extend the technique to measure water vapor in an equivalent 



Conclusions and outlook 118 

ternary collisional systems where the concentration of two perturber species is 

unknown. This is the case of measurements performed in the products of typical 

hydrocarbon flames where CO2 –one of the major combustion species present in 

the products– cannot be directly measured in the frequency domain using fs/ps 

CARS. Unfortunately, in such cases, the water vapor concentration measurements 

are significantly affected by the presence of CO2 even at small amounts of ~0.1 mol 

fraction. When the sensitivity of the integrated N2 CARS spectrum is employed, I 

found that  𝑋H2O is overestimated by at least 100%. This overestimation increases

lineally with 𝑋CO2. On the other hand, when the J-dependence of the spectral

envelope is exploited, the estimated concentration of water vapor can be up to 25% 

lower than the true value. This issue could potentially be solved by using the 

sensitivity of the N2 CARS signal from both the J-dependence and the decay of the 

integrated spectrum to estimate the concentration of the two unknown perturber 

species (i.e. H2O and CO2) simultaneously. However, this hypothesis should still 

be tested experimentally.  

Finally, all the developments described in this thesis were employed to measure 

the main scalar fields in the turbulent TU Darmstadt/DLR Stuttgart canonical ‘H3 

flame. This flame has been vastly investigated both experimentally and numerically 

for the validation of turbulent combustion models, and it was in this flame that, for 

the first time, the effects of hydrogen preferential diffusion were observed. 

Therefore, I selected this flame as a test case to investigate the feasibility of 

measuring directly molecular transport processes affecting the flame structure using 

spatiotemporal 1D-CARS. The development of polarization separation technique 

to generate dual-probe CARS, combined with the implementation of the 

polarization sensitive coherent imaging spectrometer developed in paper V was 

instrumental to achieve this objective. The molecular N2 coherence was 

successfully acquired simultaneously at short (i.e. ~7.5 ps) and long (i.e. ~250 ps) 

probe delays. This allowed me to obtain thermometry and  H2, O2, and H2O 

concentration measurements on the basis of a single-laser-shot. One of the caveats 

of the presented results is that the collisional dephasing of the N2 CARS signal 

could only be measured at two probe delays. To increase the sensitivity and 

robustness of the single-shot CARS measurements of water vapor, the J-

dependence of the collisional dephasing coefficients could be thus incorporated as 

an additional source of sensitivity to H2O mole fractions. Additionally, by applying 

the methodology outlined in Paper III to be able to use the high-energy ps-probe 

pulse produced by the SHBC without filtering the sidebands, the strength of 

integrated CARS signals could be amplified by a factor of ~4. This enhancement 
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opens up possibilities to extend the field of view and conduct measurements at 

probe delays beyond those reported in this thesis. 
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We report spatiotemporal pure-rotational coherent anti-
Stokes Raman spectroscopy (CARS) in a one-dimensional
imaging arrangement obtained with a single ultrafast regen-
erative amplifier system. The femtosecond pump/Stokes
photon pairs, used for impulsive excitation, are delivered
by an external compressor operating on a ∼35% beam
split of the uncompressed amplifier output (2.5 mJ/pulse).
The picosecond 1.2 mJ probe pulse is produced via the
second-harmonic bandwidth compression (SHBC) of the
∼65% remainder of the amplifier output (4.5 mJ/pulse),
which originates from the internal compressor. The two
pump/Stokes and probe pulses are spatially, temporally,
and repetition-wise correlated at the measurement, and
the signal generation plane is relayed by a wide-field coher-
ent imaging spectrometer onto the detector plane, which
is refreshed at the same repetition rate as the ultrafast
regenerative amplifier system. We demonstrate 1 kHz cin-
ematographic 1D-CARS gas-phase thermometry across
an unstable premixed methane/air flame-front, achieved
with a single-shot precision <1% and accuracy <3%,
1.4 mm field of view, and an excellent <20 µm line-spread
function. ©2020Optical Society of America

https://doi.org/10.1364/OL.398982

Coherent anti-Stokes Raman spectroscopy (CARS) has been
used to provide gas-phase quantitative scalar information (e.g.,
temperature and species concentration) in turbulent flows and
flames for more than five decades. The technique belongs to the
family of four-wave mixing, where the CARS signal is generated
via the nonlinear optical interaction of three photons—denoted
pump, Stokes, and probe—coupled to the internal energy states
of the probed molecules. In dual-broadband pure-rotational
CARS [1–3], transitions (1v = 0, 1J =±2) are induced
within the entire rotational energy states manifold, and tem-
perature is extracted from the relative intensity of the CARS
spectral lines, following the Boltzmann population distribution.
In hybrid femtosecond (fs)/picosecond (ps) pure-rotational
CARS thermometry [4], the pump and Stokes photons are
provided by broadband near-transform-limited femtosecond
laser pulses, and the probe photon is provided by a narrowband
picosecond laser pulse. The intra-pulse combination follows

the description of simultaneous time- and frequency-resolved
probing [5,6], and the excitation is termed impulsive if the
duration of the femtosecond laser pulses is about one-tenth
of the molecular rotational period [7] (a ∼50 fs laser pulse is
required to impulsively excite N2 with a ∼500 fs rotational
period). The impulsive excitation drives the pure-rotational
O- and S-branch transitions (1J =±2) with equal efficiency,
which is important to maintain the thermodynamic condi-
tion of the sample. The spectral resolution of this scheme is
limited by the probe pulse linewidth and, if considering the
energy separation of the pure-rotational N2 CARS spectral
lines (1EJ ∼ 4B = 8 cm−1), a ∼10 ps duration probe pulse
would result in isolated spectral lines, dispersed at the detector.
The picosecond CARS probe pulse can be efficiently produced
from the broadband source using second-harmonic bandwidth
compression (SHBC) [8], and is automatically repetition-wise
synchronized with the pump and Stokes pulses at the measure-
ment. The repetition rate of ultrafast regenerative amplifier
laser systems is conventionally in the kHz range, and the fast
sequence of pulses can be utilized for spatiotemporal CARS
thermometry [9]. In addition, the high peak power of short
laser pulses allows for instantaneous one- and two-dimensional
pure-rotational CARS signal generation [10,11]. Single-shot
CARS imaging is very powerful in the study of flame-fronts,
whose propagation depends highly on spatial effects such as
diffusion, mixing, and energy transfer.

In this work, we combine many of these recent advance-
ments for pure-rotational CARS thermometry and build
a new diagnostics capability with simultaneous resolution
obtained in space–time, here demonstrated across an unsta-
ble premixed methane/air flame-front. In Fig. 1, the optical
layout, which is based primarily on a single ultrafast regen-
erative amplifier system (7.5 mJ, 1 kHz, Astrella Coherent),
is displayed. The laser system outputs two repetition-wise
synchronized beams: the first beam is the main compressed
output (∼65%, 4.5 mJ/pulse), and the second beam is an
uncompressed output, which is split off before the internal
compressor (∼35%, 2.5 mJ/pulse). The first beam is directed
to a SHBC unit (light conversion) to produce a narrowband
∼4 ps duration probe pulse, obtained with a∼30% conversion
efficiency (1.2 mJ/pulse). The second beam is sent to an external
compressor (coherent) to produce a near-transform-limited
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∼35 fs duration combined pump/Stokes pulse. The external
compressor allows for flexible compensation (pre-chirping) of
dispersion terms along the optical path, ensuring the delivery
of impulsive excitation at the measurement. The path length
difference between the pump/Stokes beam and the probe beam
is compensated for with an optical delay line, and the relative
arrival time is controlled by an automated translation stage
(Thorlabs, sub-10 fs resolution). A spatial 4 f -filter, consisting
of two transmission gratings (∼3040 l/mm, Ibsen Photonics),
two cylindrical lenses ( f := 300 mm), and a mechanical slit,
is mounted in the probe beam path to tune the probe pulse
linewidth. A set of half-wave plates (Eksma Optics) is inserted
to: 1) satisfy the transmission axis of the gratings (>90% diffrac-
tion efficiency at 400 nm, s -pol) for the probe beam (400 nm),
2) control the relative polarization of the pump/Stokes beam
(800 nm) with respect to the probe beam, and 3) turn the polari-
zation of the CARS beam (400 nm) to satisfy the transmission
axis of the polarization beam splitter and the grating of the
spectrometer. Since the spectral range of the pure-rotational N2
CARS signal is in close vicinity of the probe beam wavelength,
the probe beam needs to be rejected before the detector plane.
In this work, the rejection is performed by the angle-tuning of a
bandpass filter (Semrock) and is reinforced with various degrees
of polarization gating [12]. The 1D-CARS signal is generated
with two-beam phase matching [10], and the one-dimensional
measurement geometry is formed by crossing the pump/Stokes
and the probe beams, both shaped into thin sheets. The field of
view (FOV) is optimized with convergent sheet-forming optics,
where the irradiance of the beams is enhanced simply by com-
pressing the laser-sheet height by shortening the CLh cylindrical
lens ( f := 300 mm at 400 nm, and f := 1000 mm at 800 nm)
distance, relative to the CLv cylindrical lens ( f := 300 mm
at 400 nm, and f := 500 mm at 800 nm). The notations h-
horizontal and v-vertical indicate the alignment symmetry
axes of the cylindrical lenses, respectively. The FOV is lim-
ited by the ∼1.4 mm height of the probe beam sheet, and the
height of the pump/Stokes beam sheet is∼4 mm (fluence level
∼18 TW/cm2), as measured with a beam profiling camera
(DataRay) placed at the beam crossing. The beam waists of
the pump/Stokes and the probe beams are verified to be close
to diffraction limited (<60 µm and <22 µm, respectively)
with M2

= 1.2, and the focal length of the cylindrical lenses
is selected to minimize spatial averaging while retrieving the
steep temperature gradient in the flame-front. The two-beam
crossing angle of ∼3◦ employed here results in a measured
interaction length of ∼0.6 mm; however, the requirement of
spatial sectioning in the beam’s longitudinal direction is relaxed
at the current flame geometry. The 1D-CARS signal generation
plane is relayed to the detector plane by a ∼1 : 1 magnifying
telescope composed of two achromatic plano-convex lenses
(“spherical” SL, f := 400 mm). The telescope, combined with
a transmission grating (∼3040 l/mm, Ibsen Photonics), acts
as a wide-field “slit-less” coherent imaging spectrometer. The
high-dispersion grating allows for isolated spectral analysis of
the pure-rotational N2 CARS transitions, and the detection
(over the range∼0− 525 cm−1, 0.25 cm−1/pixel, 2048 pixels)
is obtained with an instrumental broadening function (fitted
with a Voigt lineshape consisting of a ∼0.1 cm−1 FWHM
Lorentzian and a ∼1.8 cm−1 FWHM Gaussian contribution).
The spatial information is retrieved with a < 20 µm FWHM
line-spread function using collimating and imaging lenses with

Fig. 1. Ultrafast amplifier system, combined with SHBC and an
external compressor, produces auto-synchronized fs pump/Stokes and
ps probe pulses for space–time 1D-CARS diagnostics. A wide-field
coherent imaging spectrometer equipped with a sCMOS camera
is used for fast image acquisition. TG, transmission grating; S, slit;
TS, translation stage; CL, cylindrical lens with horizontal (h) and
vertical (v) alignment symmetry axes; WP, half-wave plate; B, burner;
P, polarizer; F, bandpass filter; SL, spherical lens.

f := 400 mm focal distance and 10.6 mm beam size. This
was quantified by the spread of an edge response, by inserting
a razor blade in the probe beam, at the CARS signal generation
plane. The data rows are binned within the line-spread function
(2× rows= 2× 6.5= 13 µm), resulting in a digital resolution
still finer than the spatial resolution. A sCMOS camera (Zyla
4.2, Andor) with manufacturer specified linearity of 99.8% and
40% quantum efficiency at 400 nm is mounted at the spectrom-
eter image plane, allowing for repetition-wise synchronized
detection, with 200× 2048 pixel image acquisition obtained at
a 1 kHz frame rate.

The SHBC technique consists of the sum-frequency gener-
ation (SFG) of phase-conjugate linearly chirped femtosecond
pulses, combined in a χ2 nonlinear crystal. A spectral filtering
of the SHBC-produced probe pulse is required, because it
contains both the fundamental SFG component and spectral
side-bands. The spectral side-bands are due to imperfections
in the conversion of the pump beams [13] and, despite being
several orders of magnitude weaker than at the peak of the probe
beam, their intensity is comparable to the CARS signal strength.
Therefore, if not modeled correctly, the interference of these
side-bands with the CARS spectral lines can obstruct the evalu-
ation of temperature and species concentrations in the flame.
We solve this by implementing a tunable pulse shaper (4 f -filter
in transmission), which effectively removes the residual side-
bands originating from the SFG process. As a narrow portion of
the input probe pulse spectrum is transmitted through the slit
of the pulse shaper, the residual temporal chirp is minimized,
and the resulting pulse is near-transform-limited. The filtering
occurs with minimal losses in pulse energy due to the employ-
ment of high-end transmission gratings with>90% diffraction
efficiency. In Figs. 2(a) and 2(b), the temporal (13, 8, and 5 ps
FWHM) and spectral (∼2.7, 3.1, and 5.0 cm−1 FWHM) pro-
files of the CARS probe pulse are displayed, as resulting from
different discriminating slit-widths in the pulse shaper: 70, 100,
and 150µm, respectively. Accordingly, by adjusting the opening
of the mechanical slit, the probe pulse duration can easily be
tuned in a wide range of 4–13 ps, with corresponding pulse
energies of 1.2–0.3 mJ, respectively. The temporal profile of the
probe pulse is measured through a probe-delay scan performed
in argon. Argon is a noble gas, with no resonant CARS transi-
tions. The instantaneous four-wave-mixing signal is instead a
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Fig. 2. Time- and frequency-domain characteristics of the
SHBC-produced probe after passing through a tunable pulse shaper.
(a) Temporal profile resulting in a probe pulse with a 13, 8, and 5 ps
FWHM duration, respectively. (b) Corresponding bandwidths of
the probe pulse are ∼2.7, 3.1, and 5 cm−1 FWHM. (c) Single-shot
pure-rotational N2 CARS spectrum with the best-fit of a time-domain
CARS model and residuals. (d) Pure-rotational N2 CARS spectra at
variable probe delays.

non-resonant CARS signal, which is generated as a consequence
of time-coinciding fs pump/Stokes and ps probe beams. Thus,
a sequential delay of the beams’ overlap in time (probe-delay
scan), while recording the non-resonant CARS signal, maps
the temporal shape of the probe pulse. The spectral profile of
the probe pulse is measured with the imaging spectrometer, and
after de-convolving the measured spectrum from the instrument
broadening function, the results presented in Figs. 2(a) and 2(b)
are in good agreement with the expected time-bandwidth
product. One should be aware of the fact that the current pulse
shaping, which consists of the introduction of a hard edge in the
probe spectral domain, also results in slight ringing artifacts in
the probe temporal profile, which is described in close analogy
with the standard transform pair of a sinc function [14]. As such,
the complete temporal shape of the SHBC-produced probe
beam, after passing through the tunable pulse shaper, needs to
be considered in the modeling of the CARS spectra. A single-
shot pure-rotational N2 CARS spectrum recorded at room
temperature, with the best-fit of a time-domain CARS model
(see, for instance, Refs. [4,8]) and residuals, is displayed in
Fig. 2(c). Here, a∼13 ps duration probe pulse is employed, with
a∼40 ps probe delay: the well-isolated spectral lines dispersed at
the detector can be observed.

In recent works that also concern the shaping of a narrow-
band picosecond probe pulse for use in fs/ps CARS (e.g., with
SHBC [13,15] and volume Bragg gratings [16,17]), temporal
chirp (group velocity dispersion) has been discussed as a pos-
sible artifact. Although the temporal chirp in the probe pulse
can be adequately modeled for point-CARS thermometry
[15], the use of a sub-10 ps probe pulse in 1D-CARS imaging
becomes slightly more critical, and it is of great importance
to minimize effects due to temporal chirp in the probe pulse.
The presence of temporal chirp in the probe pulse has a direct
impact on the CARS signal, by shifting it according to the
instant central frequency of the probe pulse. This is due to the
fact that the peaks in the molecular interferogram, in response

to the impulsive excitation, act as a “temporal gate” on the probe
pulse. Other complications, which may arise due to temporal
chirp in the probe pulse, are an “uncontrolled” beating of the
O2/N2 J -specific spectral lines and a considerable uncertainty
in the spectrometer calibration. In Fig. 2(d), pure-rotational
N2 CARS spectra at variable probe delays are shown. Since the
CARS signal remains at its spectral position, the absence of tem-
poral chirp in the probe pulse with the current settings is clearly
demonstrated. A spatial chirp of∼2 cm−1/mm is compensated
for by floating the calibration shift of each row at the image in
the spectral fitting routine.

The benchmarking of the spatiotemporal pure-rotational
1D-CARS thermometry is performed across an unstable lami-
nar flame-front. A snap-shot photograph in Fig. 3(a) shows the
used V-shaped flame, which is anchored at a steel rod (3 mm
diameter) positioned ∼10 mm above a nozzle (10 mm tube
diameter). The nozzle feeds the combustible mixture (premixed
methane/air at 8= 0.9) with a bulk velocity of ∼1.3 m/s,
controlled with rotameters (Omega) supplying the fuel- and
oxidizer streams. The V-shaped laminar flame-front has a rel-
atively flat structure and consists of a “thin” layer (∼400 µm,
global thickness), where most of the exothermic reactions take
place. This results in a steep temperature gradient, where almost
the complete combustion history, from the unburnt mixture to
the post-flame region, is covered within the∼1.5 mm FOV.

A dataset of 1000 single-shot 1D-CARS images, each con-
taining 200 spatially correlated spectra, was acquired at a 1 kHz
frame rate. A typical single-shot 1D-CARS image is shown in
Fig. 3(c). The spatial information, along the y axis, is oriented
perpendicularly across the flame-front, and the x axis displays
the dispersed CARS spectrum for a unique spatial position in
the flame. It can be seen in Fig. 3(c) that the image is domi-
nated by the pure-rotational N2 CARS spectral lines (S-branch
transitions), with the central weight of the spectral envelope cor-
responding to the local flame temperature. In addition, distinct
pure-rotational O2 CARS spectral lines can be distinguished
up to the middle of the image, where most of the oxygen gets
consumed in the combustion process. The CARS signal at room
temperature is two orders of magnitude stronger than at flame
temperature, as the signal strength scales with the square of the
number density of the gas. In Fig. 3(c), the logarithm of the
CARS intensity is shown, to stretch the global contrast in the
image. Usually, the signal-to-background ratio rapidly degrades
in the products zone, making it challenging to capture the entire
temperature profile without camera saturation in the preheating
zone. A balanced detection technique is employed by introduc-
ing a longer probe delay (∼40 ps), which takes advantage of the
significantly higher collisional dephasing of the signal in the
low temperature region of the flame. Figures 3(d) and 3(e) show
single-shot CARS spectra at locations post- and pre-flame-front,
respectively, which have been extracted from the CARS image
in Fig. 3(c). Both spectra are background-subtracted and the
spectral referencing, which accounts for the finite width of the
excitation bandwidth, is performed by dividing the resonant
CARS spectra with a non-resonant CARS spectrum recorded
in argon. A satisfactory best-fit is obtained with a time-domain
CARS model (similar to Refs. [4,8]), and is confirmed along the
entire FOV. The precision and accuracy of the current CARS
thermometry are evaluated in the product gases at a distance
of ∼190 µm conditional to the flame-front (inferred at the
1000 K isotherm). In Fig. 3(b), the discrete probability density
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Fig. 3. (a) Snap-shot photograph of the premixed methane/air
V-shaped flame-front intersected with the 1D-CARS measurement
field of view. (b) Discrete probability density function from a recording
in the product gases of the flame (8= 0.9). (c) Single-shot 1D-CARS
image recorded across the flame-front at 1 kHz frame rate. CARS
spectrum (d) post- and (e) pre-flame-front displayed with the best-fit
model and residuals.

function (PDF) obtained is reported. The CARS evaluated
mean temperature Tmean = 1678 K, can be compared with an
expected temperature of∼1720 K for the current flame condi-
tion as computed with the CHEM1D code [18]. A systematic
deviation of ∼2.5% thus results from the comparison with the
numerical simulation. The main contribution to inaccuracy
is ascribed to the uncertainty in the employed settings of the
rotameters for controlling the oxidizer and the fuel streams.
Nonetheless, the precision of the current CARS technique
is ∼0.7% in the central portion of the image, which has the
highest excitation efficiency and probe beam intensity.

The spatiotemporal evolution of temperature and relative
O2/N2 concentrations across the flame-front is displayed in
Fig. 4. With the available space–time CARS resolution, an
out-of-phase oscillating pattern with two frequencies at 13
and 75 Hz is clearly identified. We speculate that the lower
frequency oscillation pattern might be caused by an unstable
local equivalence ratio, induced by the volumetric flow con-
trollers and/or buoyancy effects that provoke the formation
of a Kelvin–Helmholtz-type vortex in the boundary of the
flame [19]. The 75 Hz signal is most likely to be associated with
internal acoustic modes of the burner.

Fig. 4. Spatiotemporal evolution map of (a) temperature and
(b) relative species concentration (oxygen/nitrogen) across the reaction
layer of an unstable premixed flame as measured with space–time
CARS resolution.

In conclusion, we have demonstrated two-beam fs/ps pure-
rotational CARS line imaging at kilohertz refresh rate. This
was achieved with a single regenerative amplifier system, com-
bined with suitable compressor units, producing both the fs
pump/Stokes and the ps probe beams, auto-synchronized with
the detector. The current space–time CARS resolution (1.4 mm
FOV and 1 kHz acquisition) allows for mapping tempera-
ture and relative species concentrations (oxygen/nitrogen) in
dynamical scenes, such as those found, for instance, in moderate
turbulent flames.
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Abstract 

We present a novel diagnostic technique to probe water vapor (H 2 O) concentration in hydrogen (H 2 ) com- 
bustion environments via the time-resolved measurement of the collisional dephasing of the pure-rotational 
coherent anti-Stokes Raman scattering (CARS) signal of nitrogen (N 2 ). The rotational Raman coherence of 
the N 2 molecules, induced by the interaction with the pump and Stokes laser fields, dephases on a timescale of 
hundreds of picoseconds (ps), mostly due to inelastic collisions with other molecules in atmospheric flames. In 

the spatial region of H 2 flames where H 2 O is present in appreciable amount, it introduces a faster dephasing of 
the N 2 coherence than the other major combustion species do: we use time-resolved femtosecond/picosecond 

(fs/ps) CARS to deduce the H 2 O mole fraction from the dephasing effect of its inelastic collisions with N 2 . 
The proof-of-principle is demonstrated in a laminar H 2 /air diffusion flame, performing sequential measure- 
ments of the collisional dephasing of the N 2 CARS signal up to 360 ps. We measure the temperature and 

the relative O 2 /N 2 and H 2 /N 2 concentrations at a short probe delay, and input the results in the time-domain 

model to extract the H 2 O mole fraction from the signal decay, thus measuring the whole scalar flow fields 
across the flame front. We furthermore present single-shot simultaneous thermometry and absolute con- 
centration measurements in the turbulent TU Darmstadt/DLR Stuttgart canonical ‘H3 flame’ performed 

by dual-probe CARS measurements obtained with a polarization separation approach. This allows us to 

probe the molecular coherence simultaneously at ∼20 and ∼250 ps on the basis of a single-laser-shot, and 

record the resulting signals in two distinct detection channels of our unique polarization-sensitive coherent 
imaging spectrometer. The proposed technique allows for measuring the absolute concentrations of all the 
major species of H 2 flames, thus providing a full characterization of the flow composition, as well as of the 
temperature field. 
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1. Introduction 

Coherent anti-Stokes Raman spectroscopy 
(CARS) is a laser diagnostic technique that has 
found vast application to the experimental inves- 
tigation of combustion processes, owing to the 
possibility of performing in-situ , non-perturbative 
measurements, with excellent spatial and temporal 
resolution [1] . CARS is currently the gold-standard 

for high-fidelity thermometry in gas-phase reacting 
flows [2] , and is employed in many measurement 
scenarios of practical interest, such as internal 
combustion engines [3 , 4] gas-turbine engines [5 , 6] , 
rocket combustors [7] and detonation processes 
[8] . In addition to thermometry, CARS has been 

extensively applied to the detection of major 
combustion species [9 , 10] , performing relative con- 
centration measurements on both ro-vibrational 
[11] and pure rotational [12] Raman spectra, and 

even absolute concentration measurements have 
been demonstrated [13] . 

A recognized challenge for absolute concentra- 
tion measurements in combustion environments 
is to detect water vapor (H 2 O): this is typi- 
cally achieved through absorption spectroscopy 
[14] rather than Raman-based techniques, owing to 

its relatively low Raman cross section [15] . An in- 
herent drawback of absorption spectroscopy is the 
limitation to line-of-sight measurements: the de- 
velopment of non-linear optical diagnostics could 

thus provide in-situ H 2 O measurements with spa- 
tial resolution. In the context of hydrogen combus- 
tion, H 2 O plays a key role as it is the only ma- 
jor product: quantitative measurements of the H 2 O 

concentration and local temperature thus allow for 
mapping the progress of the chemical reaction. In 

this respect, the H 2 O mass fraction typically plays 
a key role in the definition of the progress vari- 
able employed in numerical codes, e.g. based on 

flamelet-generated manifolds [ 43 ]. O’Byrne et al. 
[ 16 ] employed CARS to measure the temperature 
and the mole fractions of nitrogen (N 2 ), oxygen 

(O 2 ), and hydrogen (H 2 ) in a supersonic combus- 
tor, and estimated the H 2 O concentration by as- 
suming it to be the only other major species con- 
tributing to the non-resonant susceptibility of the 
gas-phase medium. Direct measurements of the ro- 
vibrational CARS spectrum of the H 2 O v 1 sym- 
metric stretch at ∼3650 cm 

-1 have been first at- 
tempted by Hall et al. [ 17 ] in 1979. Hall and Sher- 
ley [ 18 ], as well as Porter and Williams [ 19 ], per- 
formed ro-vibrational H 2 O CARS thermometry at 

temperatures as high as 2000 K. Greenhalgh et al. 
also investigated the H 2 O v 1 CARS spectrum at 
high temperatures and elevated pressures [ 20 ]. De- 
spite the good agreement shown by the experimen- 
tal data and the theoretical CARS models, fur- 
ther studies on this spectrum were scarce, proba- 
bly owing to the isolated location of the H 2 O v 1 
spectrum beyond the vibrational fingerprint region, 
which hinders the simultaneous detection of multi- 
ple species. In this sense, the application of CARS 

spectroscopy to the pure-rotational spectrum of 
gas-phase H 2 O is more appealing for combustion 

diagnostics. This was attempted for the first and 

only time by Nordström et al. [ 21 ]: unfortunately, 
they concluded that H 2 O is an unsuitable candidate 
for CARS concentration measurements in combus- 
tion, due to the signal intensity being more than 

fiv e or ders of magnitude smaller than that of N 2 . 
The extreme dimness of the pure-rotational H 2 O 

CARS signal was attributed to both its low Raman 

cross section and to the large number of rotational 
transitions of this asymmetric top molecule, char- 
acterized by three distinct principal moments of 
inertia [ 22 ]. 

In the present work, we demonstrate the use 
of time-resolved CARS to measure the H 2 O mole 
fraction in laboratory flames, through its impact on 

the pure-rotational N 2 spectrum. Nordström et al. 
pointed out in the conclusion of their work that, 
despite its CARS spectrum being negligible, wa- 
ter vapor has a significant collisional impact on 

the N 2 CARS spectrum, as demonstrated experi- 
mentally in [ 21 ]. Rotational energy transfer (RET) 
in inelastic collisions between the coherently ex- 
cited N 2 molecules and other molecules results 
in the temporal dephasing of the pure-rotational 
N 2 CARS signal on a time-scale of picoseconds 
(ps) at ambient conditions. The development, in 

recent years, of CARS techniques employing ul- 
trashort laser pulses to resolve the temporal evo- 
lution of the Raman coherence [ 23 ] opened to 

the possibility of measuring the collisional RET 

in the time domain [ 24 ]. Here we employ hy- 
brid femtoseconds/picosecond (fs/ps) CARS [ 25 ] 
to measure the dephasing of the pure-rotational 
N 2 CARS signal due to inelastic collisions with 

the H 2 O molecules in H 2 /air flames. The proof- 
of-principle measurements are performed across 
a laminar H 2 /air diffusion flame, provided on a 
Bunsen burner. The applicability of the proposed 

technique to single-shot measurements in turbulent 
flames is further demonstrated by using single-shot 
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dual-probe CARS [ 26 ] in the canonical H3 flame 
[ 27 ]. 

2. Theoretical considerations 

Hybrid fs/ps CARS employs ultrashort laser 
pulses to perform simultaneously time- and 

frequency-resolved ro-vibrational spectroscopy on 

the Raman-active molecules. Broadband fs pulses 
provide the pump and Stokes photons, whose fre- 
quency difference coherently excite the molecules 
to higher rotational energy states according to 

the selection rule: �v = 0 and �J = + 2 (for 
the pure-rotational S-branch spectrum), where 
v is the vibrational quantum number, and J is 
the total angular momentum quantum number. 
The use of fs pulses further allows for a great 
simplification of the experimental setup, as a 
single combined pump/Stokes pulse can be em- 
ployed to simultaneously deliver the constructive 
pump/Stokes photon-pairs, which are found across 
its broad bandwidth [ 28 ]. In addition, by using fs 
pulses with duration lesser than about one tenth 

of the molecular rotational period (i.e. ∼500 fs 
for N 2 ), we can maximize the rotational Raman 

coherence in the medium, through its impulsive 
excitation [ 29 ]. In our setup, we employ a ∼35 fs 
transform-limited (TL) pump/Stokes pulse to 

excite the rotational Raman coherence of the N 2 
molecules, described on a macroscopic scale by 
the third-order non-linear optical susceptibility 
of the medium ( χCARS ). A relatively narrowband 

∼12 ps probe pulse is then coherently scattered 

by the medium resulting in the generation of the 
CARS signal. The probe pulse is delayed with 

respect to the pump/Stokes pulse both to time-gate 
the generation of the non-resonant background 

and, for the purpose of this work, to measure 
the collisional dephasing of the Raman signal. 
The time-domain third-order susceptibility is then 

the interferogram resulting from the harmonics 
corresponding to the different Raman frequencies, 
as: 

χCARS = 

∑ 

v 

∑ 

J 

W v,J→ v,J+2 ·

exp [ ( iω v,J→ v,J+2 − �v,J→ v,J+2 ) t/ ( 2 πc ) ] (1) 

where W v,J → v,J + 2 , ω v,J → v,J + 2 , and Гv,J → v,J + 2 are re- 
spectively the overall probability, the Raman fre- 
quency and the temporal dephasing coefficient as- 
sociated to each pure-rotational S-branch transi- 
tion (i.e. J → J + 2 ). The temporal evolution of 
χCARS is thus determined by the interference of the 
Raman modes corresponding to transitions from 

different J states, as well as by the dephasing co- 
efficients associated to the transitions. These ac- 
count for the spontaneous emission from the co- 
herent molecules and for the effect of decoherence 
due to molecular collisions. The natural decay life- 

Fig. 1. The J -dependence of the species-specific N 2 
CARS dephasing coefficients, for inelastic collisions with 
the major combustion species in H 2 /air flames (i.e. N 2 , 
O 2 , H 2 , and H 2 O) at T = 1600 K. 

time of N 2 is on the order of seconds due to sym- 
metry constrains [ 30 ], so that it can be neglected 

in our discussion. As for the collisional dephasing, 
the effect of pure dephasing due to elastic colli- 
sions ( �J = 0) can be neglected at ambient pres- 
sure [30] , so that the main contribution stems from 

inelastic collisions ( �J � = 0), responsible for the 
RET between the coherently excited N 2 molecules 
and the molecular colliders in the flame. The col- 
lisional RET is both state-dependent and species- 
specific, owing to the spacing of the J states in 

the ro-vibrational energy manifold of the collid- 
ing molecules. In the present work, we account for 
the dephasing of the N 2 CARS signal due to colli- 
sions with the following perturbers in H 2 /air flames: 
N 2 -N 2 (i.e. self-perturbed) [ 31 ], N 2 -O 2 [ 32 ], N 2 -H 2 
[ 33 ], and N 2 -H 2 O [ 34 ]. Figure 1 shows the cor- 
responding state-dependent dephasing coefficients 
for J = 0-60: while the N 2 -N 2 and N 2 -O 2 coeffi- 
cients show a comparable J -dependence, owing to 

the similar rotational energy manifold, both N 2 - 
H 2 and N 2 -H 2 O coefficients show peculiar trends 
over the different J states and have an overall larger 
magnitude. The J -dependence of the N 2 -H 2 coeffi- 
cients is less pronounced than for the other colli- 
sional partners, due to the large spacing between 

the states in the rotational energy manifold of H 2 , 
resulting in a similarly reduced RET for all the 
J states of the N 2 molecule. On the other hand, 
the overall large magnitude of these coefficients 
is explained by the larger thermal velocity of the 
lightweight H 2 molecule, allowing it to penetrate 
closer to the repulsive wall of the interaction po- 
tential with the N 2 molecule [ 33 ]. The N 2 -H 2 O de- 
phasing coefficients are characterized by a strongly 
non-monotonic J -dependence, with a temperature- 
dependent local maximum (e.g. J = 24 at 1600 K), 
which is attributed to the complex structure of the 
rotational energy manifold of the H 2 O molecule, 
resulting in a strong dependence of the RET on the 
initial rotational state of the N 2 molecule [ 34 ]. 
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The total N 2 dephasing coefficients are then 

computed as: 

�
N 2 
J → J +2 = 

∑ 

k 

X k · �J → J +2 ( N 2 − M k ) (2) 

where ГJ → J + 2 are the dephasing coefficients due to 

collisions of N 2 with the k th perturber, weighted 

by its mole fraction. Eq. (2 ) then introduces the de- 
pendence of the N 2 CARS signal on the H 2 O mole 
fraction, which is employed in the present work to 

measure the H 2 O concentration in H 2 /air flames. In 

this context, the collisional environment can be in- 
terpreted as an equivalent binary system composed 

of H 2 O on one hand, and a weighted combination 

of all other perturber species whose concentration 

is directly measured in the frequency domain (i.e. 
N 2 , O 2 and H 2 ) on the other: 

�
N 2 
J → J +2 = 

∑ 

k ′ 
X k ′ · �J → J +2 ( N 2 − M k ′ ) 

+ X H 2 O 

· �J → J +2 ( N 2 − H 2 O ) (3) 

The proposed diagnostic approach can thus be 
employed to measure the H 2 O concentration in all 
combustion environments where the concentration 

of every other relevant collisional partner is acces- 
sible in the CARS spectrum. 

3. Experimental methodology 

3.1. Laminar flame experiment 

The proof-of-principle demonstration of H 2 O 

concentration measurements through the dephas- 
ing of the N 2 CARS signal is performed in a lam- 
inar H 2 /air diffusion flame. The two-beam fs/ps 
CARS system is described in details in [ 35 ]: only 
a brief summary is presented here. A single re- 
generative laser amplifier system (Astrella, Coher- 
ent) provides ∼35 fs (full-width-at-half-maximum, 
FWHM) pulses at 800 nm, with a total pulse en- 
ergy of ∼7.5 mJ, at 1 kHz repetition rate. The nar- 
rowband ps probe pulse is generated at ∼403 nm by 
a second-harmonic bandwidth compressor (SHBC, 
Light Conversion) fed by a 65% portion slip off the 
fs laser output. A 4f-filter in transmission is placed 

in the probe beam path to tune the duration of the 
pulse: in the present work we set a probe duration 

of ∼12 ps FWHM, with ∼300 μJ/pulse, which cor- 
responds to a FWHM bandwidth of ∼2.7 cm 

-1 . 
The resulting spectral resolution is nearly two or- 
ders of magnitude larger than the N 2 -H 2 O Raman 

linewidths at the flame temperature, as shown in 

Fig. 1 , and it prevents the direct measurement of 
the H 2 O concentration in the frequency domain, by 
its broadening effect on N 2 lines in the CARS spec- 
trum. The combined fs pump/Stokes pulse origi- 
nates from the remainder 35% portion of the ampli- 
fier output, corresponding to 2.5 mJ/pulse; an ex- 
ternal compressor unit is employed to compensate 

for the optical dispersion terms arising along the 
beam path, ensuring a TL pulse at the measurement 
location. The pump/Stokes and probe pulses are 
therefore automatically synchronized, and an auto- 
mated delay stage (sub-10 fs resolution, Thorlabs) 
is employed to control the relative probe pulse de- 
lay. Spherical optics (f : = 500 mm and 300 mm, re- 
spectively) focus the pump/Stokes and probe beams 
to the measurement location, and the crossing an- 
gle for the two-beam phase matching configura- 
tion is estimated to be ∼3 °, resulting in the follow- 
ing probe volume dimensions: ∼22 μm (height) x 
∼1.1 mm (length) x ∼22 μm (width). Half-wave 
plates for 400 and 800 mm are used to control the 
relative polarization of the two laser pulses and, in 

combination with a thin-film polarizer, to attenuate 
the pump/Stokes energy to ∼60 μJ/pulse and avoid 

fs laser-induced filamentation [ 36 ]. This was veri- 
fied by performing a power scaling of N 2 CARS 

signal at room temperature: at this fluence level 
no change in the spectral envelope was observed. 
A wedge prism is inserted in the pump/Stokes 
beam path after the probe volume, and the low- 
power reflection is imaged onto a beam profiler 
(WinCamD, Dataray) in the far-field to monitor 
and maintain the alignment of the pump/Stokes 
beam when moving the delay stage. The CARS sig- 
nal is collected in a coherent imaging spectrom- 
eter constituted by a relay-imaging telescope (f 
: = 400 mm) combined with a high-dispersion 

transmission grating (3039 l/mm, Ibsen Photon- 
ics), allowing the detection of the CARS signal 
over the range ∼50–600 cm 

-1 , with 0.25 cm 

-1 /pixel, 
by the sCMOS detector (Zyla, Andor). The pure- 
rotational CARS spectra of N 2 and O 2 are thus 
recorded along with the first two rotational lines of 
the pure-rotational H 2 CARS spectrum, enabling 
the measurement of the relative O 2 /N 2 and H 2 /N 2 
concentrations. 

The proof-of-principle demonstration of H 2 O 

concentration measurements via time-domain N 2 
CARS is performed in a laminar N 2 -diluted H 2 /air 
diffusion flame, provided on a Bunsen burner. The 
burner is made of a seamless, stainless steel pipe 
with ∼19 mm inner diameter; a N 2 -H 2 mixture 
(50%–50% in volume) is inlet with a bulk velocity 
of ∼1 m/s, resulting in a Reynolds number < 150. 
A stainless steel mesh is placed over the burner at 
a height-above-the-burner (HAB) of ∼30 mm, to 

stabilize the flame. The CARS measurements were 
performed at ∼1 mm HAB, performing a radial 
scan from the center of the burner ( y = 0 mm) and 

past the rim, with data-points acquired every 0.5 
mm up to y = 12 mm. At each measurement loca- 
tion 6 datasets of 1000 single-shot CARS spectra 
were acquired for a probe delaying varying from 30 
to 360 ps. The spectra acquired at the lowest probe 
delay were employed to measure the temperature 
and the relative O 2 /N 2 and H 2 /N 2 concentrations. 
Neglecting the effect of collisions at the short probe 
delay timescale leads to an inaccuracy of less than 
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Fig. 2. (a) Schematic of the experimental setup employed for single-shot dual-probe CARS measurements in the H3 flame. 
A polarization beam splitter (PBS) and a thin-film polarizer (P) are employed to split the probe in two pulses with or- 
thogonal polarization and an recombine them with an intra-pulse delay of 230 ps. The cross-polarized CARS signals are 
simultaneously collected in two distinct detection channels in the polarization-sensitive coherent imaging spectrometer. 
λ/2-plate, half-wave plates; M, mirrors; SL, spherical lenses; BPF, band-pass filter; TG, transmission grating; B, burner. 
(b) Single-shot CARS spectra simultaneously generated at 20 and 250 ps in the fuel stream of the laminar H 2 /air diffusion 
flame, and recorded in the two detection channels. Both spectra are normalized with respect to the S(1) rotational line of 
H 2 , at 587 cm 

-1 . 

∼0.8% in the estimated temperature: the CARS 

signal generated at this delay is thus assumed as 
nearly collisional independent. By integrating the 
N 2 CARS signal acquired at the longer probe de- 
lays the collisional dephasing was measured and 

compared to the single-exponential decay model in 

Eqs. (1) and (2) to extract the H 2 O mole fraction 

(see Fig. 3 ). 

3.2. Turbulent flame experiment 

The methodology described in the previous sec- 
tion requires sequential measurements of the N 2 
CARS signal at increasing probe delays and is thus 
not suitable to measurements in turbulent flames, 
where the temperature and chemical composition 

of the flow are highly dynamic. This limitation can 

be overcome by employing dual-probe CARS, i.e. 
by splitting the probe pulse and controlling the de- 
lay relative to the pump/Stokes pulse, so as to simul- 
taneously perform a collisional-independent mea- 
surement at short probe delay and a time-resolved 

measurement of the RET at longer probe delays. 
This approach was first demonstrated by Patterson 

et al. to perform single-shot measurements of the 
collisional dephasing of the S-branch N 2 CARS 

spectrum [ 26 ], and subsequently employed to per- 
form CARS pressure measurements in 0-D and 1- 
D configurations [ 37–40 ]. In the present work we 
demonstrate for the first time the use of a polar- 
ization separation approach to achieve dual-probe 
CARS measurements. The experimental setup de- 
scribed in the previous section is slightly modi- 
fied as depicted in Fig. 2 (a). A Glan-Taylor po- 
larization beam splitter (PBS) is mounted on the 
probe beam path after the 4f-filter with horizon- 
tal transmission axis and a 400 nm half-wave plate 
tunes the ratio of the polarization splitting. The 
vertically-polarized component of the probe beam 

is reflected by the PBS and directed to a retroreflec- 
tor mounted on a linear translation stage to con- 
trol the relative delay of the two probe pulses: in the 
present work an intra-pulse delay of ∼230 ps was 
employed. A thin-film polarizer mounted at Brew- 
ster’s angle is then used to recombine the two cross- 
polarized probe pulses on the same beam path. The 
polarization-sensitive coherent imaging spectrome- 
ter described in [ 41 ] is employed to simultaneously 
detect the cross-polarized signals in two distinct 
detection channels. Figure 2 (b) present an exam- 
ple of the two single-shot spectra simultaneously 
generated at 20 and 250 ps in the fuel stream of 
the laminar H 2 /air diffusion flame. The effect of 
molecular collisions after 250 ps is visible on the 
envelope of the pure-rotational N 2 CARS spec- 
trum, as well as on the differential dephasing of 
the pure-rotational H 2 signal characterized by a 
much lesser RET rate. The balanced detection of 
the dual-probe CARS setup is performed by chang- 
ing the pump/Stokes beam path-length to gener- 
ate the signal (in a room-temperature N 2 flow) with 

the two probe pulses at the same relative delay, ac- 
counting both for the polarization-dependent sig- 
nal generation efficiency and for the transmission 

efficiency of the two detection channels. This ap- 
proach guarantees the automatic overlap of the two 

probe pulses at the measurement location and mini- 
mizes the uncertainty due to phase-mismatch of the 
degenerate pump/Stokes and probe beams, which 

can significantly impact the intensity of the second 

H 2 line at higher Raman shifts. 
We demonstrate single-shot H 2 O concentra- 

tion measurements in the TU Darmstadt/DLR 

Stuttgart H3 flame, which is a canonical turbulent 
non-premixed H 2 /air flame [ 27 ]. The burner con- 
sists of a straight stainless-steel tube, with 8 mm 

inner diameter ( D ) and a tapered rim at the exit, 
and a concentric contoured nozzle, with an inner 
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Fig. 3. Experimental measurement of the N 2 CARS sig- 
nal collisional dephasing at two locations in the reaction 
zone of the laminar H 2 /air flame. The experimental de- 
cay is compared to the time-domain CARS model to ex- 
tract the H 2 O mole fraction, resulting in X H2O 

= 0.03 
at y = 7.5 mm (grey), and X H2O 

= 0.34 at y = 9.5 mm 

(black). 

diameter of 140 mm, providing a coflow of dry air. 
Digital flow controllers (Bronkhorst) are employed 

to regulate the volumetric flows of N 2 and H 2 , con- 
stituting a 50%–50% (in volume) mixture provided 

through the center pipe of the burner with an exit 
speed of 34.8 m/s, resulting in a turbulent flow with 

Re = 10000, as well as the air coflow. The burner 
is mounted on translation stages to control its ax- 
ial and radial position, and measurements are per- 
formed at a HAB of 20 mm (z/ D = 2.5). 

4. Results and discussion 

4.1. Laminar flame measurements 

At each radial location across the laminar H 2 /air 
flame front we perfor med N 2 CARS ther mometry 
and relative O 2 /N 2 and H 2 /N 2 concentration mea- 
surements on the spectra acquired at the shortest 
probe delay (i.e. 30 ps). At such early temporal de- 
lay the effect of inelastic collisions can be taken 

to be negligible, at atmospheric pressure. Once the 
temperature and the relative O 2 /N 2 and H 2 /N 2 con- 
centrations are known, their experimental values 
are employed to generate a library of synthetic 
CARS spectra for varying relative H 2 O/N 2 concen- 
trations. The experimental N 2 CARS spectra are in- 
tegrated in the spectral range ∼120–230 cm 

-1 , cor- 
responding to the N 2 lines J = 14–28, to avoid in- 
terference with the O 2 lines, and compared to the 
theoretical dephasing to measure the H 2 O mole 
fraction. Figure 3 shows the experimental dephas- 
ing measured at two locations in the reaction zone 
and compared to the theoretical dephasing curves 
predicted by the time-domain N 2 CARS code for 
X H2O 

= 0 and for the best-fit value. The black curves 
represent the signal dephasing at y = 9.5 mm (at 
1 mm above the burner rim), where the H 2 O mole 
fraction is measured to be 0.34 according to the 
best-fitting curve: a large sensitivity to the H 2 O 

Fig. 4. Experimental profiles of the temperature and 
mole fractions of the major combustion species across 
the flame front of the laminar H 2 /air diffusion flame. The 
measured H 2 O mole fraction at 1 mm HAB varies in the 
range X H2O 

= 0.03–0.34 in the reaction zone y = 7.5–
11.5 mm. 

concentration is shown by the significant bias be- 
tween the experimental data and the theoretical de- 
phasing predicted for X H2O 

= 0. At y = 7.5 mm 

(grey curves) the H 2 O mole fraction is reduced to 

0.03, which represents the H 2 O detection limit in 

the present work as a minimal deviation between 

the best-fit and the X H2O 

= 0 theoretical curves is 
observed. 

The methodology just explained is employed 

to measure the whole temperature and chemical 
composition fields across the flame front. Figure 4 
shows the resulting experimental profiles for the 
temperature and the mole fractions of O 2 , H 2 
and H 2 O. The temperature smoothly increases 
from ∼360 K in the fuel stream at the center 
of the burner ( y = 0 mm), peaking to 1620 K 

above the burner rim ( y = 9.5 mm), and decreases 
more rapidly in the lean reaction zone reaching 
∼440 K in the oxidizer stream at y = 12 mm. The 
good single-shot precision of the CARS thermom- 
etry, varying in the range 0.8–3.7% in the high- 
temperature reaction zone, indicates a limited im- 
pact of the temperature fluctuations on the sig- 
nal intensity, thus justifying the use of sequen- 
tial measurements of the collisional dephasing for 
the laminar flame case. The H 2 mole fraction de- 
creases from ∼52% in the fuel stream at the cen- 
ter of the burner as the mixing and chemical re- 
action progress toward the burner rim. The si- 
multaneous detection of the pure-rotational N 2 
CARS spectrum and of two rotational lines of the 
pure-rotational H 2 CARS spectrum, namely S(0) 
at 354 cm 

-1 and S(1) at 587 cm 

-1 , allows for mea- 
suring the relative H 2 /N 2 concentration at temper- 
atures as high as 1450 K at location y = 9 mm. 
The O 2 mole fraction, on the other hand, smoothly 
grows from 0.01 measured at y = 8 mm up to 0.15 
at the last measurement location in the oxidizer 
stream. The relative standard deviation of the mea- 
sured mole fractions of H 2 and O 2 is, respectively, 
lesser than 2.5 and 8% at all measurement locations. 
H 2 O is detected in the reaction zone, for y = 7.5–
11.5 mm, with a maximum mole fraction of 0.34 at 
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Fig. 5. Scatter plot of the H 2 O mole fraction versus tem- 
perature measured by the 1200 single-shot CARS spectra 
acquired at the location with the highest temperature in 
the turbulent H3 flame. The grayscale color represents the 
measured O 2 mole fraction. 

y = 9.5 mm. The uncertainty in the measured H 2 O 

concentrations is mostly due to shot-to-shot fluc- 
tuation in the temperature and flow composition. 
This was assessed by propagating the uncertainty in 

the measured temperature and relative O 2 /N 2 and 

H 2 /N 2 concentrations and fitting the experimental 
data to the corresponding limit curves for the the- 
oretical dephasing. The relative uncertainty in the 
H 2 O mole fraction is thus estimated to be < 8% at 
all measurement locations, with the sole exception 

of y = 10.5 mm, where the relative uncertainty is 
15%, corresponding to a measured H 2 O mole frac- 
tion in the range 0.18–0.21. 

The temperature and mole fraction profiles in 

Fig. 4 are in good qualitative and quantitative 
agreement with those reported by Toro et al. for 
a similar laminar H 2 /air diffusion flame [ 42 ], and 

moreover show the effect of preferential diffusion 

of H 2 in the fuel stream. In the region y = 2.5–
6.5 mm, the H 2 mole fraction reduces from 0.52 
to 0.42, while no water vapor is detected, and the 
temperature is only slightly increasing due to heat 
transfer from the reaction zone, yet remaining be- 
low the auto-ignition threshold. The simultaneous 
resolution of the local temperature and composi- 
tion fields thus allows us to render the physics of 
mass transport in the laminar diffusion flame. 

4.2. Turbulent flame measurements 

Single-shot detection of water vapor concentra- 
tion is demonstrated in the turbulent H3 flame, 
as described in Section 3.2 . Four samples of 300 
single-shot CARS spectra were acquired at a radial 
location 6.75 mm from the centerline of the flame, 
at the highest temperature in the oxidizer stream. 

The scatter plot in Fig. 5 shows the measured 

H 2 O mole fraction versus temperature at the cho- 
sen flame location, while the grayscale color of each 

data-point represents the local O 2 mole fraction. 
The latter shows an inverse correlation to the local 
temperature, with the O 2 mole fraction increasing 
at lower temperatures. Similarly, the measured H 2 O 

mole fraction has a clear correlation to the temper- 
ature in the reaction zone of the turbulent flame, 
with the concentration increasing with the local 
progress of the reaction in the probe volume. The 
clustering of the data-points showing high H 2 O 

mole fraction at high temperatures is in good agree- 
ment with the original measurements performed by 
Meier et al. on the H3 flame [ 27 ]. At lower tem- 
perature, when a significant concentration of O 2 
is present in the probe volume, the measured H 2 O 

mole fraction shows a more spurious correlation, 
which is probably due to the beating of the N 2 lines 
employed in the measurement with O 2 lines. One 
additional caveat in the single-shot CARS measure- 
ments of the H 2 O concentration is that the colli- 
sional dephasing of the N 2 CARS signal could only 
be measured at two probe delays. Further research 

effort should be spent on the investigation of the 
J -dependence of the collisional dephasing coeffi- 
cients as an additional source of sensitivity to H 2 O 

mole fractions, also to enhance the robustness of 
the measurements. 

5. Conclusions 

We have successfully demonstrated a novel time- 
resolved CARS diagnostic technique to quantify 
water vapor concentrations in hydrogen combus- 
tion environments. The technique relies on the use 
of relatively short ps probe pulses, following im- 
pulsive excitation, to realize measurements of the 
evolution and decay of the Raman coherence over 
a timescale of hundreds of ps. The dephasing of 
the pure-rotational N 2 CARS signal due to inelas- 
tic collisions with the H 2 O molecules introduces a 
strong sensitivity to water vapor concentration. Co- 
herent Raman-based detection of H 2 O is otherwise 
very challenging, given the overall low Raman cross 
section of H 2 O. 

Proof-of-principle measurements of the H 2 O 

concentrations were performed across the flame 
front of a laminar H 2 /air diffusion flame. We 
recorded the pure-rotational N 2 CARS signals 
at six different probe delays relative to the 
pump/Stokes pulse, from 30 to 360 ps, and ana- 
lyzed the corresponding collisional dephasing of 
the signal. The fs/ps CARS spectrum spans up to 

∼600 cm 

-1 allowing the simultaneous measurement 
of the temperature and of the relative O 2 /N 2 and 

H 2 /N 2 concentrations. The successful measurement 
of the H 2 O concentration thus allowed to map the 
chemical composition of the flow across the H 2 /air 
flame front, by measuring the absolute concentra- 
tions of the major combustion species. 

Single-shot measurements in the turbulent H3 
flame are presented by dual-probe fs/ps CARS, 
obtained with polarization control over the signal 
generation. The probe pulse is split in two pulses 
with an intra-pulse delay of ∼230 ps and linear 
polarization set to be parallel and orthogonal to 
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the polarization of the pump/Stokes pulse. The N 2 
CARS signal is thus simultaneously generated at 
∼20 and ∼250 ps on the principle of a single-laser- 
shot; the cross-polarized signals are recorded in two 

distinct detection channels with our polarization- 
sensitive coherent imaging spectrometer. A total 
of 1200 single-shot CARS spectra were recorded 

at the highest temperature location in the oxidizer 
stream, at a HAB of 20 mm. The simultaneous 
measurement of the H 2 O, O 2 , H 2 , and N 2 mole 
fractions, as well as temperature, was realized at 
this flame location. The statistical correlation of the 
measured quantities is in good agreement with ex- 
perimental data available for this canonical flame, 
thus proving the applicability of the proposed tech- 
nique to turbulent flames. 

The novel CARS approach presented here has 
promising applications as an all-round laser diag- 
nostic technique for scalar measurements in hy- 
drogen flames, allowing for the simultaneous map- 
ping of the temperature and chemical composition 

of the flow. Furthermore, its extension to more 
complex combustion environments, where a larger 
number of collisional partner is present, some of 
which might not be directly detected in the CARS 

spectrum, is an active research topic in our group. 
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Abstract 

Simultaneous detection of resonant and non-resonant femtosecond/picosecond coherent anti-Stokes Ra- 
man spectroscopy (CARS) signals has been developed as a viable technique to provide in-situ referencing of 
the impulsive excitation efficiency for temperature assessments in flames. In the framework of CARS ther- 
mometry, the occurrence of both a resonant and a non-resonant contribution to the third-order susceptibility 
is well known. While the resonant part conceives the useful spectral information for deriving temperature and 

species concentrations in the probed volume, the non-resonant part is often disregarded. It nonetheless serves 
the CARS technique as an essential reference to map the finite bandwidth of the laser excitation fields and 

the transmission characteristics of the signal along the detection path. Hence, the standard protocols for 
CARS flame measurements include the time-averaged recording of the non-resonant signal, to be performed 

sequentially to the experiment. In the present work we present the successful single-shot recordings of both 

the resonant and non-resonant CARS signals, split on the same detector frame, realizing the in-situ refer- 
encing of the impulsive excitation efficiency. We demonstrate the use of this technique on one-dimensional 
CARS imaging spectra, acquired across the flame front of a laminar premixed methane/air flame. The effect 
of pulse dispersion on the laser excitation fields, while propagating in the participating medium, is proved to 

result, if not accounted for, in an ∼1.3% systematic bias of the CARS-evaluated temperature in the oxidation 

region of the flame. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: Gas-phase thermometry; CARS; Femtosecond laser excitation; Non-linear optical spectroscopy; Combustion 
diagnostics 

1. Introduction 

Laser diagnostics is an important tool in the 
effort to develop clean combustion technologies, 
which is on the agenda for the propulsion and 

∗ Corresponding author. 
E-mail address: g.a.bohlin@tudelft.nl (A. Bohlin). 

power industry, in-line with the current energy tran- 
sition. These optical techniques have the ability to 

realize non-intrusive measurements in-situ, and to 

provide scalar information (e.g. temperature and 

species) with excellent spatial and temporal reso- 
lution. Laser diagnostics has been successfully em- 
ployed over the years in multiple energy and com- 
bustion science applications where high-fidelity 
data are needed [1 , 2] , e.g. by providing direct obser- 
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vations and validating results from predictive engi- 
neering combustion models. 

Coherent anti-Stokes Raman spectroscopy 
(CARS) is a versatile technique for assessing 
temperature and species concentrations in flames. 
It is unparalleled in the level of accuracy and 

precision it can provide, and the strong “laser-like”
signal, which can be remotely detected, makes it 
well-suited for the application in extremely harsh 

and luminous environments such as combustion 

flows [3–5] . The conventional setup for CARS is 
based on nanosecond pulses; however, many vari- 
ants exist, in which the inaccuracy and precision 

are technique-specific and need to be quantified 

respective to the measurement environment (e.g. 
nanosecond CARS thermometry has an approx- 
imate inaccuracy of ∼2–3%, and a single-shot 
imprecision of ∼4–5% [6 , 7] ). In air-fed flames, 
the temperature sensitivity arises from the relative 
strength of the N 2 spectral lines. The spectrum 

uncovers the Boltzmann distribution (in principle) 
over the entire manifold of molecular rotational- 
vibrational states in the thermal ensemble. The 
retrieval of the quantitative temperature infor- 
mation from a CARS experiment is enabled by 
the combination of unobstructed detection of 
the spectrum and adequate spectroscopic mod- 
elling: the recorded data is evaluated using a 
goodness-of-fit routine [8] . 

The uncertainty in the CARS-evaluated temper- 
ature is related to critical parameters leading to ei- 
ther systematic (inaccuracy) or stochastic (impre- 
cision) deviation from the true temperature. Much 

effort has been spent in quantifying the overall 
accuracy of the technique and limiting the im- 
pact of uncertainties originating e.g. from pres- 
sure broadening (Raman linewidths) [9] , from the 
vibrational-rotational matrix-elements (Herman–
Wallis factor) [10] , and from the mode-amplitude 
and phase-mode fluctuations on the broadband 

laser emission profiles [11 , 12] . The influence of the 
uncertainty originating from the non-resonant sus- 
ceptibility has also been investigated [13] , although 

most of the effort in dealing with this parameter in 

CARS thermometry has been spent on the spectral 
fitting routine. This is partly because the total non- 
resonant susceptibility depends not only on the ac- 
tive molecule (e.g. N 2 ), but also on contributions 
from the background species [14 , 15] . A perfectly 
validated theoretical value of the non-resonant sus- 
ceptibility, to be included in the spectral fitting rou- 
tine, would then require the complete experimen- 
tal retrieval of the chemical composition of the 
sample. The relative strength of the resonant and 

non-resonant CARS susceptibility is not only rel- 
evant for thermometry, but has been commonly 
employed for extracting species concentrations as 
well. This technique is particularly interesting for 
detecting water vapour [16 , 17] , which is a recog- 
nized challenge for CARS diagnostics because of 

the relatively low Raman cross-section of the H 2 O 

molecule [18] . 
The implementation of time-resolved CARS 

allows for reducing the impact of many of the 
aforementioned sources of uncertainty [19–21] . 
With “time-resolved CARS probing” we refer not 
only to the freezing of the energy-containing scale 
in the combustion flow, but also to the fact that 
the probing time is well within the characteristic 
molecular response time (dephasing). This tem- 
poral window for probing combustion-relevant 
species is usually on a picosecond timescale, the rel- 
atively long dephasing time of hydrogen being an 

exception [22] . On this short timescale the impact 
on the CARS spectrum of the Raman linewidths is 
small. Also the mode-amplitude and phase-mode 
fluctuations, affecting the emission profile of the 
broadband laser, are significantly reduced by using 
a near transform-limited femtosecond laser pulse, 
as compared to the broadband output from a 
nanosecond pumped dye-laser. In addition, with 

a time-resolved CARS technique, it is possible 
to suppress the non-resonant four-wave mixing 
signal by simply delaying the probe pulse rela- 
tive the pump and Stokes pulses [23 , 24] . Recent 
investigations aimed at the benchmarking of time- 
resolved CARS thermometry [25–27] have shown 

a considerably reduced relative standard deviation 

with respect to nanosecond CARS thermometry, 
reaching the unprecedented single-shot precision 

of ∼1% in room air and ∼1-3% in flames. When 

operating in flames, it is nonetheless difficult to 

make perfect statements about the statistical un- 
certainty inherent to the CARS technique. Indeed, 
the measured temperature might be affected by 
fluctuations in the experimental boundary con- 
ditions e.g. originating from factors related to 

the flow controllers and vibrations of the plat- 
form. In order to determine the overall accuracy of 
CARS-evaluated temperature, a similarity test with 

other experimental techniques and comparison to 

numerical simulations is thus important [28] . 
In the present work, we develop a technique 

aimed at minimizing the influence of the CARS 

thermometric uncertainty resulting from the effec- 
tive bandwidth of the laser excitation fields. In 

turbulent flames and flows, the temperature and 

species gradients (and, accordingly, the number 
density of the gas mixture) change constantly with 

respect to the alignment of the laser excitation 

fields [29] . Therefore, shot-to-shot fluctuations may 
occur in-situ , affecting the delivery of a uniform 

bandwidth and the phase-matching condition nec- 
essary to coherently drive the temperature-sensitive 
Raman transitions. However, even in more still, sta- 
tionary measurement conditions (e.g. in a laminar 
flame), which allow statistics to be obtained from 

signal averaging, the CARS spectrum depends on 

the effective bandwidth of the laser excitation fields 
as imposed by the measurement condition. In this 
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framework, the simultaneous referencing of the ex- 
citation efficiency has been developed to improve 
the CARS thermometric measurements obtained 

on the principle of a single-laser-shot [16 , 30] . Here, 
we use the non-resonant CARS susceptibility, mea- 
sured in-situ , to extract information on the effec- 
tive impulsive efficiency, as mapped directly by 
the spectrum of the non-resonant four-wave mix- 
ing signal. Concurrent resonant and non-resonant 
CARS signals are generated in the flame, and si- 
multaneous, spatially divided detection of both 

signals is achieved through a novel polarization- 
sensitive wide-field coherent imaging spectrometer. 
We demonstrate the use of this spectrometer on 

spatially-correlated data, generated through single- 
shot hybrid femtosecond/picosecond 1D-CARS. 
We analyze the potential of the simultaneous, in- 
situ referencing in reducing the thermometric un- 
certainty, as compared to a standard protocol, 
where the spectral referencing is provided by a 
recording sequential to the experiment. 

2. Theoretical considerations 

In dual-broadband pure-rotational CARS 

[31 , 32] , two-photon constructive pairs, available 
across the bandwidth of the laser excitation fields, 
coherently drive specific Raman shifts in the 
spectral range ∼0–500 cm 

−1 . This corresponds 
to N 2 pure-rotational S-branch transitions from 

quantum numbers J ‘s = 0–60, zwith line separa- 
tion �εJ , J + 2 = 4 B ( J + 3/2), and 4 B ∼8 cm 

−1 

for N 2 . In hybrid femtosecond/picosecond CARS 

[26 , 33–39] , the excitation efficiency across a spe- 
cific Raman-active window is dictated by the finite 
bandwidth of the transform-limited fs-duration 

driving pulse. When considering pure-rotational 
CARS transitions ( �v = 0, �J =+ / −2, �M J = 0), 
the laser excitation of the molecules results in a 
non-adiabatic interaction (here termed “impul- 
sive”) if the laser pulse duration is about one 
tenth of the molecular rotational period [40] . The 
impulsive excitation of N 2 , for which the rotational 
periods are in the order of ∼500 fs, would thus 
require a ∼50 fs duration laser pulse. The high exci- 
tation efficiency provided by the impulsive drive of 
the rotational Raman transitions, is a prerequisite 
for generating non-resonant four-wave mixing at 
appreciable signal levels, for the instantaneous de- 
tection in high-temperature gaseous environments. 
In general, the strength of the CARS signal scales 
to the number density squared, and the number 
density is inversely proportional to the temperature 
in the sample. 

The polarization dependence on the resonant 
and non-resonant CARS signals [41] is described 

with angles tan β = - sin φ / 2 cos φ for the reso- 
nant CARS signal, and tan δ = sin φ / 3 cos φ for the 
non-resonant CARS signal, determined as a func- 
tion of the relative polarization angle, φ, between 

the probe beam and the pump/Stokes beams, re- 
spectively. A probe angle of 67.5 °, relative to the 
vertically polarized pump/Stokes beam, results in 

orthogonally polarized resonant and non-resonant 
CARS signals. 

3. Experimental 

The experimental setup was developed ac- 
cording to the two-beam femtosecond/picosecond 

phase-matching scheme for 1D-CARS imaging 
[42] , here implemented with a single regenerative 
amplifier laser system [43] . The laser pulses origi- 
nate as the ∼35 fs output of a high-power femtosec- 
ond regenerative amplifier, with a pulse energy of 
∼7.5 mJ provided at a 1 kHz repetition-rate (As- 
trella, Coherent). A narrowband ∼7 ps-duration 

full-width-at-half-maximum (FWHM) probe pulse 
centered at ∼402 nm, is efficiently produced by 
means of the second-harmonic bandwidth com- 
pression [44 , 45] (Light Conversion) of a ∼65% por- 
tion of the fs laser output. This results in the ps 
probe pulse being both repetition-wise synchro- 
nized with the fs pump/Stokes pulse and auto- 
matically phase-locked at the CARS measurement, 
with an arbitrary arrival time. The near transform- 
limited fs pump/Stokes pulse is produced by an 

external compressor operating on a ∼35% por- 
tion of the uncompressed output from the ampli- 
fier. This design allows for flexible compensation 

(pre-chirping) of dispersion terms possibly aris- 
ing along the optical path, thus providing impul- 
sive excitation in the CARS measurement. The 
alignment of the laser beams and the polarization- 
sensitive detection of the single-shot hybrid fem- 
tosecond/picosecond 1D-CARS signals is depicted 

in Fig. 1 . 
The ∼2.3 mJ impulsive excitation beam (fem- 

tosecond laser pulse) and the ∼0.4 mJ probe 
beam (picosecond laser pulse) are intersected 

in a crossed-plane geometry, forming a one- 
dimensional spatial coordinate. The two beams 
are synchronized by an optical delay-line made 
of a high-finesse translation stage, ensuring sub- 
picosecond temporal resolution. The leveling and 

relative polarization of the laser beams are con- 
trolled with turning periscopes and a half-wave 
plate (Eksma optics) mounted in the pump/Stokes 
beam path; the shaping of the laser beams is per- 
formed with low-dispersion, sheet-forming optics. 
The irradiance of the probe beam ( ∼1 J/cm 

2 ) 
is significantly enhanced at the measurement lo- 
cation by means of astigmatic convergence [46] , 
here realized by two cylindrical lenses with focal 
lengths f: = 300 mm ( v ,h) -the indexes v (vertically) 
and h (horizontally) express the alignment symme- 
try axis. In efforts to match the phase-matching 
condition homogeneously across the line-image, a 
combination of focal lengths f: = 500 mm (v) and 

f: = 1000 mm (h) is employed in the pump/Stokes 
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Fig. 1. The polarization-sensitive wide-field coherent imaging spectrometer used for spatially divided detection of reso- 
nant - and non-resonant hybrid femtosecond/picosecond one-dimensional (1D) coherent anti-Stokes Raman spectroscopy 
(CARS) signals. The indexes v (vertically) and h (horizontally) express the alignment symmetry axis of the cylindrical 
lenses cylindrical lenses (CL). Two separate detection channels for P- and S-polarized light, with orientation determined 
with respect to the transmission grating (TG), are relay-imaged with ∼1:1 magnification from the signal generation plane 
to the position of the detector. DM-dichroic mirror, PCS-polarization cube splitter, BS-beam stop, TF-tunable filter, and 
SL-spherical lens. 

beam path. However, the phase-matching condi- 
tion is relaxed for driving pure-rotational N 2 CARS 

transitions with the current beam configuration. 
The excitation beam is dumped before the first col- 
lection lens in the wide-field, one-to-one plane, co- 
herent imaging spectrometer, while the probe beam 

is separated from the pure-rotational CARS signal 
through the angle-tuning of a spectral bandpass 
filter (Semrock). The resonant and non-resonant 
CARS signals are separated in two polarization- 
dependent detection channels, composed by two 

400 nm half-wave plates and a polarization cube 
splitter (Eksma optics). Both channels are directed 

through a transmission grating (3040 lines/mm, Ib- 
sen Photonics) and relay-imaged onto the same de- 
tector plane (Zyla 4.2, Andor). The first half-wave 
plate rotates the cross-polarized resonant and non- 
resonant CARS signals to fit the orthogonal S- 
and P-polarization transmission axes of the anal- 
yser. The second half-wave plate is mounted after 
the analyser to turn the polarization of the non- 
resonant CARS signal from P- to S-polarization 

and achieve the maximum grating transmission ef- 
ficiency of > 90% at 400 nm. 

The measurement was performed across the 
flame front of a laminar premixed methane/air 
flame ( �= 0.95), provided on a Bunsen burner. The 
fuel (methane) and oxidizer (air) are delivered from 

separate containers, and variable-area flow meters 
(rotameters) provide independent control over each 

of the flows. Upon exiting the rotameters the flow 

lines are connected to a junction, after which the 
gases are mixed and the mixture is provided with 

a total bulk flow velocity of ∼1 m/s. The com- 
bustible mixture is then channeled through a seam- 
less stainless burner pipe, designed with a length- 

to-diameter ratio ( ∼1:100) sufficient to dampen 

coherent flow structures and provide a laminar 
flow at the exit (Reynolds number < 2000). The 
10 mm inner diameter nozzle is tapered to mini- 
mize heat losses at the burner rim. The probe vol- 
ume was positioned in proximity of the chemical 
reaction layer, and oriented so as to provide mea- 
surements along a line orthogonal to the flame 
front. 

The crossing angle ( θ ) of the pump/Stokes and 

probe beams was measured to 3 °, providing a 
probe volume of ∼0.03 mm (width) x ∼0.6 mm 

(length) x ∼1.3 mm (height), estimated from the as- 
sumption of a near diffraction-limited beam waist 
(e 0 ) of 30 μm FWHM (width), yielding an in- 
teraction length of e 0 /sin( θ ) = 0.6 mm. The total 
field-of-view (FOV) was measured to ∼1.3 mm 

(height) and the image quality was retrieved with a 
∼40 μm line-spread function (LSF). These param- 
eters were measured as the translation and steep- 
ness of an edge response in the signal, by insert- 
ing a razor blade at the plane of the two-beam 

crossing. A ∼3 ps relative temporal delay between 

the excitation beam and the probe beam was em- 
ployed in the experiment, to generate the reso- 
nant and non-resonant CARS signals simultane- 
ously. The “time equal zero” and the probe pulse 
duration were calibrated by performing a probe- 
delay measurement scan in argon, a monoatomic 
gas with no rotational degree of freedom. Con- 
sequently, the only signal component is the in- 
stantaneous four-wave mixing signal, which maps 
the temporal profile of the ps probe beam, syn- 
chronized with the fs pump/Stokes beam. The 
time-averaged argon spectrum also quantifies the 
constructive two-photon pairs available for the ex- 
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Fig. 2. Single-shot detection of concurrent resonant and non-resonant pure-rotational femtosecond/picosecond 1D- 
CARS signals acquired in-situ across the flame-front of a laminar premixed methane/air flame ( �= 0.95). The label “Chan- 
nel 1” indicates the portion of the detector frame employed for the acquisition of the resonant CARS signal, which is 
dominated by the characteristic spectral signature of N 2 . “Channel 2” indicates the detection channel for the broadband 
non-resonant CARS signal (due to four-wave-mixing), which is scattered from all the species present in the probed volume. 

citation of a specific Raman shift and is thus em- 
ployed for the spectral referencing in standard pro- 
tocols. 

A sample of 900 single-shot, resonant and non- 
resonant CARS spectra was recorded simultane- 
ously in the flame and analyzed to assess the 
thermometric accuracy and precision. The proce- 
dure was compared to a standard protocol, where 
the single-shot resonant CARS spectra are instead 

referenced by a time-averaged spectrum recorded in 

argon sequentially to the experiment. 

4. Results and discussion 

Figure 2 shows the simultaneous, single-shot de- 
tection of resonant and non-resonant 1D-CARS 

signals, generated across the flame front of a lam- 
inar premixed methane/air flame, and acquired on 

two distinct portions of the same detector frame. 
The labels “Channel 1” and “Channel 2” iden- 
tify the portions of the detector where the reso- 
nant and non-resonant CARS signals are relayed, 
respectively. 

As it can be seen in Fig. 2 , the resonant CARS 

signal is dominated by the spectral lines of the 
nitrogen molecules, spanning Raman shifts from 

∼60 cm 

−1 to ∼300 cm 

−1 , which result from the 
high-rotational energy levels being populated by 
the elevated temperature in the flame. The non- 
resonant CARS signal is instead continuous in na- 
ture, resulting from the four-wave-mixing from all 
the molecular species present in the sample. The 
highest signal intensity is detected in both channels 
around 180 cm 

−1 , while at frequencies lower than 

∼150 cm 

−1 the signals are attenuated by the angle- 
tuning of a spectral band-pass filter, to avoid spu- 
rious stray-light and residual probe beam reaching 
the detector. 

Figure 3 shows a single-shot resonant spectrum 

acquired in the first detection channel, which is ref- 

erenced by the non-resonant spectrum measured 

in-situ and detected simultaneously in the second 

channel. 
The spectral resolution of the resonant CARS 

signal is dictated by the linewidth of the probe 
beam, measured to 2.1 cm 

−1 (FWHM), as well as 
by the instrumental broadening resulting from the 
wide-field coherent imaging spectrometer. In addi- 
tion, the stray light covering the leftmost portion 

of the detector currently limits the spectral range 
available. This is nevertheless considered to have an 

insignificant impact on the N 2 thermometry, since, 
in correspondence of the elevated temperature in 

the product gases of the flame, the energy levels 
above 160 cm 

−1 are the most populated. The res- 
onant CARS signal strength at room-temperature 
is several orders of magnitude stronger than the 
flame-temperature signal: the signal to background 

ratio (SNB) rapidly degrades as a function of tem- 
perature. The estimation of the temperature from 

the experimental CARS spectra was performed 

through a non-linear least-square contour fitting 
routine, comparing the acquired resonant spectra 
to a library of theoretical spectra pre-calculated 

for different input temperatures. These synthetic 
Raman spectra were computed by means of a 
time-domain CARS model, similar to previously- 
reported ones [34 , 26] . The broadening of the spec- 
tral linewidths due to the imaging system was ac- 
counted for by convolving the synthetic spectra 
with a Voigt instrument-response-function with a 
1.6 cm 

−1 -wide Gaussian component (FWHM) and 

a 0.5 cm 

−1 -wide Lorentzian component (FWHM). 
The acquired resonant spectra were background- 
subtracted, introducing an area-averaged factor, 
thus accounting for possible shot-to-shot fluctua- 
tion in the magnitude of the background. Subse- 
quently, the spectral referencing of the impulsive 
excitation efficiency was performed by dividing the 
resonant spectrum with the non-resonant spectrum 

(NR) obtained through two independent meth- 
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Fig. 3. Single-shot hybrid femtosecond/picosecond CARS spectrum, generated at short pump-probe pulse delay ( ∼3 ps) 
in the flame. The resulting temperature in the measurement location was estimated to 1630 K. The performance of the 
spectral fitting can be evaluated by the residuals of the theoretical and experimental spectra, which are presented in the 
figure, with an offset of −0.2 for clarity purposes. 

ods: 1. non-resonant spectrum acquired in room- 
temperature argon ( ex-situ ); 2. non-resonant spec- 
trum acquired in the flame ( in-situ ). 

In Fig. 4 , the comparison of the non-resonant 
CARS signal, as provided by the two techniques, 
is presented. The measurements were performed 

with spatially and temporally overlapped probe and 

pump/Stokes fields, at a ∼3 ps relative delay, for 
concurrent generation of the non-resonant CARS 

signal. 
The signal quality from each of the single-shot 

recordings is sufficient to perform the spectral ref- 
erencing: the signal counts of the single-shot spec- 
tra for the most critical condition (i.e. non-resonant 
signal from the flame) was ∼700 counts above the 
detector baseline. The non-resonant spectra show 

a clear decay for increasing values of the Raman 

shift: in this respect, the non-resonant signal pro- 
vides an effective mapping of the laser bandwidth 

available for the excitation of the Raman-active 
molecules in the ensemble. If this pronounced slope 
were not taken into account in the spectral fitting 
routine (by spectral referencing), its effect would re- 
semble a strong J -dependence similar to any other 
critical uncertainty factor, and result in a systematic 
bias (inaccuracy) in the CARS evaluated temper- 
ature. The comparison of the non-resonant spec- 
tra acquired ex-situ and in-situ clearly shows that 
the effective bandwidth available for the excitation 

of the temperature-sensitive Raman transitions in 

the combustion products is broader than the one 
mapped by the non-resonant spectrum acquired 

in room-temperature argon. This is explained by 
the strong dependence of the refractive index of 
the participating medium (i.e. the gaseous mix- 

ture in the probe volume) on its temperature. In- 
deed, the group-velocity dispersion (GVD) of the 
fs pump/Stokes pulse induces a temporal broad- 
ening of the pulse itself as it propagates through 

the medium, resulting in a reduction of the effec- 
tive bandwidth [47] . As the GVD for most gases at 
atmospheric pressure scales linearly with the den- 
sity, the high temperature of the product gases in 

the flame determines a significant reduction of the 
GVD of the pump/Stokes pulse and the increase in 

the effective bandwidth shown in Fig. 4 . 
Furthermore, if a time-average NR spectrum, 

acquired ex-situ , is employed for the spectral refer- 
encing, possible variations in the excitation band- 
width available shot-to-shot would be neglected. 
This behavior is expected e.g. in turbulent flames, 
where the temperature field, as well as the chem- 
ical composition of the gas mixture in the probe 
volume, is highly dynamic in nature. Seemingly, 
this shot-to-shot variability in the slope of the NR 

spectra measured in the flame ( in-situ ) is neglected 

in the ex-situ measurement of the NR spectrum: 
this would lead to a stochastic uncertainty in the 
measurement. The bottom panel in Fig. 4 shows 
the relative standard deviation (RSTD) of the NR 

spectra acquired in-situ and ex-situ , as a function 

of the Raman shift: the trend of these curves thus 
represents the J -dependence of the shot-to-shot 
fluctuations in the NR spectrum, i.e. in the impul- 
sive excitation efficiency. The RSTD of the in-situ 
NR spectrum is one order of magnitude higher 
across the whole spectral range compared to the 
ex-situ one: this is due to the reduced SNB available 
in the in-situ measurement, as compared to the ex- 
situ , because of the decreased number density of 
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Fig. 4. (Top) Comparison of the average non-resonant spectra acquired in room-temperature argon ( ex-situ ) and at 
∼390 μm from the flame-front in the oxidation region of the flame. (Bottom) The relative standard deviation as obtained 
from the 900 single-shot recordings. 

the participating medium at high temperature. The 
difference in the RSTD values is more significant 
at the high-rotational energy levels populated at 
elevated temperatures: the variance of the available 
effective bandwidth in the fs pulse is shown to be 
higher in the in-situ measurements. 

The use of the in-situ referencing of the impul- 
sive excitation was demonstrated in CARS imaging 
ther mometry, perfor med across the flame front of 
a laminar premixed methane/air flame ( �= 0.95). 
In the scope of the present work, the location 

of the flame front is defined as the measure- 
ment point yielding the closest temperature to 

1192 K; this value corresponding to the inflection 

point of the temperature profile across the reac- 
tion layer of the measured flame, as computed by 
the CHEM1D code [48] . The comparison of the 
temperature evaluations, obtained by applying the 
two referencing methods on 900 single-shot CARS 

spectra acquired in the flame, is discussed in the 
following. 

In Fig. 5 , the probability density functions 
(PDFs) of the temperature measurements are pro- 
vided as a mean of comparison for the ex-situ and 

in-situ referencing techniques. The same resonant 
spectra, acquired in a 900 frames sample, were thus 
referenced by: 1. the time-averaged non-resonant 
spectrum acquired in room-temperature argon ( ex- 

situ ), and 2. the single-shot non-resonant spectra 
acquired in the second detection channel, simulta- 
neously to the resonant one ( in-situ ). 

In the temperature measurements at ∼390 μm 

from the flame front, the ex-situ and in-situ refer- 
encing of the resonant spectra yielded, respectively: 
1. an average temperature of 1696 K, with stan- 
dard deviation 11 K ( ∼0.7%); 2. an average tem- 
perature of 1674 K with standard deviation 18 K 

( ∼1.1%). The ex-situ referencing of the resonant 
CARS spectra results in a consistent bias towards 
higher temperatures, as compared to the results 
of the in-situ referencing: the systematic bias be- 
ing quantified in 22 K ( ∼1.3%) at this flame lo- 
cation. This behavior is in good agreement with 

the aforementioned discrepancy in the available ex- 
citation bandwidth as mapped by NR spectra ac- 
quired in-situ and ex-situ : the lower density of the 
hot product gases is expected to have a lesser GVD 

on the laser excitation fields, thus resulting in a 
broader effective bandwidth. The effect of the tem- 
perature of the gaseous medium on the GVD of the 
fs pump/Stokes pulse, is even more evident when 

comparing the CARS measurements provided by 
ex-situ and in-situ referencing at lower tempera- 
tures. Indeed, at the flame front the two refer- 
encing techniques yielded the following results: 1. 
an average temperature of 1210 K ( ex-situ ) and 
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Fig. 5. Probability density functions of the 900 single-shot CARS-evaluated temperatures in the oxidation region of a 
laminar premixed methane/air flame. (a,b) Comparison for the measurements performed at the flame front. The ex-situ 
CARS measurement resulted in an average temperature of 1210 K, with standard deviation of 18 K ( ∼1.5%); the in-situ 
referencing provided an average temperature of 1207 K, with standard deviation of 19 K ( ∼1.6%). (c,d) Comparison of 
the temperature assessment provided by ex-situ and in-situ referencing of the resonant CARS spectra acquired at ∼390 μm 

from the flame front. The ex-situ referencing resulted in an average temperature of 1696 K, with standard deviation 11 K 

( ∼0.7%); the in-situ provided an average temperature of 1674 K with standard deviation 18 K ( ∼1.1%). 

2. an average temperature of 1207 K ( in-situ ). The 
evident decrease in the systematic bias of the 
ex-situ -referenced CARS thermometry is well un- 
derstood as a lesser impact the GVD on the fs 
pump/Stokes pulse. 

It is nonetheless important to note that the 
CARS-evaluated temperatures seem to be signif- 
icantly lower than as predicted by the numerical 
model in this spatial region of the flame: the ex- 
pected temperature is indeed ∼1870 K. This higher 
temperature value was moreover confirmed by 
performing CARS measurements at longer probe 
pulse delay ( ∼27 ps), i.e. where the probe pulse 
is not temporally overlapped to the pump/Stokes 
pulse, and the self-referencing technique can thus 
not be employed. As a matter of fact, these 
measurement provide an average temperature of 
∼1840 K (inacurracy: ∼1.6%). The reported dis- 
crepancy between the temperature measurements 
performed at long and short (i.e. within the tempo- 
ral overlap of the pump/Stokes and probe pulses) 
pump-probe delays was consistently observed in 

different measurement locations within the flame 
front and for different values of the delay itself. 
This behavior seems to indicate the presence of 
a source of uncertainty in the evaluation of the 
temperature through the resonant CARS spectra 
generated at short pump-probe delays, which our 
theoretical model fails to take into account. Nev- 
ertheless, this uncertainty is not inherent to the 
in-situ referencing of the impulsive excitation, as 
it was also clearly observed in the temperature 

measurements provided by the standard proto- 
col, with ex-situ referencing by room-temperature 
argon. 

As far as the relative standard deviation of the 
temperature measurements is concerned, the self- 
referencing shows a slightly worse precision as com- 
pared to the ex-situ referencing. This is attributed 

to the reduced SNB ratio available in the single-shot 
detection of the non-resonant signal in the self- 
referencing approach. Seemingly, this effect was 
more pronounced than any shot-to-shot variation 

in the effective excitation bandwidth, that the in-situ 
referencing could have accounted for. Nonetheless, 
the use of the self-referencing technique here de- 
scribed is foreseen to provide a substantial improve- 
ment in the precision of the CARS thermometric 
measurements in a number of applications of prac- 
tical interest. We anticipate, for example, that the 
inherent compensation of the shot-to-shot fluctua- 
tions of the laser excitation fields can improve the 
thermometry in turbulent flows and flames. Future 
work in our laboratory will moreover quantify the 
impact of this technique on the performance of 
CARS systems employing laser sources which are 
more unstable in nature, such as supercontinuum 

generation. 

5. Conclusions 

In the present work, we have presented the 
application of a novel, in-situ referencing tech- 
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nique for CARS imaging thermometry. The 
simultaneous, in-situ referencing of the resonant 
Raman spectra was achieved by the concurrent, 
spatially divided detection of the resonant and 

non-resonant CARS signals in two distinct por- 
tions of the same detector frame. The non-resonant 
CARS signal detected in Channel 2 was thus em- 
ployed as a spectral reference to the resonant 
CARS signal detected in Channel 1. Furthermore, 
we successfully demonstrated the application of 
this technique to the spatially correlated data 
provided by a single-shot one-dimensional CARS 

imaging system. Moreover, we have investigated 

the impact of the spectral referencing on CARS 

flame thermometry. A consistent bias of the ex- 
situ referencing towards higher temperatures was 
reported. This is understood in terms of the effect 
of the GVD change in the less dense product 
gases, as compared to the room-temperature argon 

employed to measure the ex-situ non-resonant 
spectrum. Nonetheless, the mean temperatures 
provided by both referencing methods were lower 
than predicted by the numerical evaluation of the 
measured flame front. This temperature bias was 
further more confir med by additional CARS mea- 
surements performed at longer pump-probe delays, 
where no in-situ referencing is possible. In terms of 
relative standard deviation, the CARS-evaluated 

temperature obtained by applying the in-situ ref- 
erencing was slightly worse than the ex-situ case. 
Nevertheless, the self-referencing technique here 
proposed is foreseen to improve the thermomet- 
ric precision in more challenging measurement 
conditions. 
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Abstract: Time-resolved spectroscopy can provide valuable insights in hydrogen chemistry,
with applications ranging from fundamental physics to the use of hydrogen as a commercial
fuel. This work represents the first-ever demonstration of in-situ femtosecond laser-induced
filamentation to generate a compressed supercontinuum behind a thick optical window, and
its in-situ use to perform femtosecond/picosecond coherent Raman spectroscopy (CRS) on
molecular hydrogen (H2). The ultrabroadband coherent excitation of Raman active molecules
in measurement scenarios within an enclosed space has been hindered thus far by the window
material imparting temporal stretch to the pulse. We overcome this challenge and present the
simultaneous single-shot detection of the rotational H2 and the non-resonant CRS spectra in a
laminar H2/air diffusion flame. Implementing an in-situ referencing protocol, the non-resonant
spectrum measures the spectral phase of the supercontinuum pulse and maps the efficiency of
the ultrabroadband coherent excitation achieved behind the window. This approach provides a
straightforward path for the implementation of ultrabroadband H2 CRS in enclosed environment
such as next-generation hydrogen combustors and reforming reactors.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Molecular hydrogen (H2) is the object of an ever-increasing scientific interest, in view of its
prospect use as the main energy carrier in the current energy transition [1], and a significant
research effort is being spent on the development of technologies enabling H2-based carbon-neutral
combustion. The experimental investigation of H2 chemistry [2,3], which plays a significant role
in its storage and utilization, requires the availability of time-resolved spectroscopic techniques,
providing information on the molecular dynamics on picosecond (ps) and femtosecond (fs)
timescales [4]. The current state-of-the-art technique for gas-phase molecular spectroscopy
is coherent Raman scattering (CRS) spectroscopy [5], which has found vast application to
high fidelity in-situ measurements of the temperature field and chemical flow composition in
combustion environments [6,7], and in non-equilibrium thermodynamic systems [8,9]. Since
the first observation of rotational coherent Raman scattering in gas-phase media [10], CRS has
been successfully demonstrated in gaseous H2, both as a test-bench for fundamental physics (e.g.
dynamic Stark effect [11]) and for enabling the development of novel photonic technologies
[12]. Despite the research effort spent over the years, the application of CRS techniques to
perform direct broadband multiplex spectroscopy on H2 still presents a significant challenge
due to sparse ro-vibrational energy manifold of the H2 molecule [13]. Vibrational H2 CRS
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spectroscopy has been applied in combustion environments [14], as well as in plasmas [15],
by employing broadband nanosecond dye lasers. Further development of H2 CRS has been
more recently promoted by the availability of ultrafast regenerative laser amplifiers, producing
pulses a few tens of fs long, which have sprung the development of time-resolved spectroscopic
techniques to investigate chemical reactions in real time [16]. Lang et al. were the first to employ
fs pulses to perform coherent anti-Stokes Raman spectroscopy (CARS) on H2, resolving the
temporal dynamics of its ro-vibrational wave packet with sub-ps resolution [17]. Tran et al. used
fs-CRS to study the H2-N2 collisional system and the speed-memory effects due to the high
motility of the H2 molecules [18]. Magnitskiı̆ and Tunkin investigated the Dicke narrowing
of the H2 Q-branch, using ps-CRS to measure its coherence lifetime with high temporal and
spectral resolution [19]; similar ps-CRS measurements of the H2 Q-branch coherence lifetime
were performed by Kulatilaka et al. [20]. The idea of combining broadband fs pulses to generate
maximal quantum coherence of the Raman-active molecules [21] and relatively-narrowband ps
pulses to perform simultaneously temporally- and spectrally-resolved measurements [22] has
led to the development of hybrid fs/ps CRS [23]. The introduction of ultrabroadband fs laser
sources greatly enhanced the spectral interrogation window of fs/ps CRS [24], allowing for the
detection of virtually all the rotationally Raman-active species in the probed volume and for
the investigation of their chemistry. Bohlin and Kliewer [25] demonstrated the use of a ∼7 fs
compressed supercontinuum, generated in an argon-filled hollow-core fiber, to simultaneously
excite both the pure-rotational H2 S-branch and the vibrational H2 Q-branch transitions, in the
range 0-4200 cm−1. Despite the huge versatility of ultrabroadband fs/ps CRS, its application to
perform measurements behind thick optical windows is limited by the significant chirp that these
impart to broadband [26] and ultrabroadband fs pulses.

In the present work, we employ fs laser-induced filamentation [27] to generate a compressed
supercontinuum pulse in-situ, where it is employed as a single pump/Stokes excitation pulse [28]
to drive the pure-rotational Raman coherence up to ∼1500 cm−1. This approach is combined

Fig. 1. (a) Energy and Feynman diagrams of a resonant (left) and a non-resonant (right)
CRS pathways. (b) Polarization angles of the resonant (blue line) and non-resonant (red line)
CRS signals, β and γ, represented as the elevation angle on the unit sphere as a function of
the relative polarization angle (azimuthal angle) of the pump/Stokes and probe fields, α. (c)
Schematic of the polarization-sensitive coherent imaging spectrometer. OW, optical window;
SL, spherical lenses; M, mirror; BPF, band-pass filter; PBS, polarization beam splitter; FR,
Fresnel rhomb; BS, beam stop. Inset: probe volume. The probe crosses the ultrabroadband
pump/Stokes beam ∼2mm after the end of the filament. The increment of input energy
results in the elongation of the filament towards the focusing optics (arrow direction) (d)
Measurements points across the H2/air flame front, the dashed red line identifies the location
of the burner rim at y= 9.5 mm.
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with the simultaneous shot-to-shot measurement of the non-resonant (NR) CRS signal, due to
the instantaneous electronic optical response of the medium (Fig. 1(a)), to map the spectral
efficiency of the coherent excitation, which can significantly impact the accuracy and precision
of the H2 spectroscopy [29]. We use a polarization approach to simultaneously generate and
detect the resonant and NR CRS signals with orthogonal polarization [30], as shown in Fig. 1(b).
This in-situ spectral referencing allows us to monitor the spectrochronographic properties of
the compressed supercontinuum and the bandwidth of the coherent Raman excitation. We
demonstrate the application of fs/ps H2 CRS with in-situ generation, use and referencing of the
ultrabroadband coherent excitation to perform thermometric measurements in a laminar H2/air
diffusion flame as shown in Fig. 1(d), and to experimentally demonstrate preferential diffusion of
H2 [31].

2. Theory and methods

2.1. Analytical framework

The excitation efficiency of the H2 Raman active modes depends on the spectrochronographic
characteristics of the broadband pump/Stokes pulse, and is effectively controlled by its spectral
phase [32,33], as shown in the application of coherent control theory to CRS [34,35]. We
measure the excitation bandwidth provided by the combined pump/Stokes pulse using the intensity
spectrum of the NR CRS signal. The NR CRS signal is here modelled in the time domain
under the assumptions of instantaneous dephasing of the electronic coherence induced by the
non-resonant two-photon excitation pathways in Fig. 1(a) and temporal overlap of the probe field
E3 with the pump/Stokes field E12 [24]:

P(3)NR(t) =
(︃

i
ℏ

)︃3
χ
(3)
NR · E3(t) · E∗12(t) · E12(t) (1)

The pump/Stokes pulse is assumed to have a Gaussian envelope in the time domain with
duration ∆t12 (FWHM):

E12(t) ∝ exp[−2 ln 2(t − t12)
2/∆t212] · exp(iω12t) + c.c. (2)

with t12 being the arrival time of the combined pump/Stokes pulse, and ω12 the carrier (angular)
frequency of the pulse (ω12 = 2.34 rad/fs for 806.7 nm). The spectrum of the NR CRS field,
resulting from the pump/Stokes photon-pairs found across the instantaneous bandwidth of the
pulse, is then computed via the Fourier transform of Eq. (1), and is thus proportional to the
spectral autocorrelation of the pump/Stokes laser field [36]:

P(3)NR(ω) ∝ χ
(3)
NRE3(ω) ∗ [E12(ω)⋆E12(ω)] (3)

INR(ω) ∝ |χ
(3)
NRE3(ω) ∗ [E12(ω)⋆E12(ω)]|

2 (4)
where⋆ and ∗ represent the cross-correlation and convolution operators, respectively. Hence, the
intensity spectrum in Eq. (4) is used to measure the spectral autocorrelation of the fs pump/Stokes
pulse and deduce information on its spectral phase. Equation (2) and Eq. (4) are employed to
generate a library of synthetic NR CRS spectra for varying pulse duration, and fit the experimental
NR CRS spectra acquired in a non-resonant gas (e.g. methane or argon) flow. The spectral phase
of the pump/Stokes pulse is introduced in the model through the Taylor expansion:

φ(ω) =
∑︂

n
L · k(n) (ω12) ·

(ω − ω12)
n

n!
(5)

with L being the thickness of the optical window, and k(n) the nth-order derivative of the wave
vector k(ω) in the dispersive medium (k(2) thus representing the group velocity dispersion of the
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fs pulse). The chirped pump/Stokes pulse is thus represented in the frequency domain as:

E12(ω) ∝ exp
[︁
−2 ln 2(ω − ω12)

2/∆ω2
12

]︁
· exp

[︄
−i

∑︂
n
φ(n) ·

(ω − ω12)
n

n!

]︄
(6)

Substituting Eq. (6) into Eq. (3), the spectral autocorrelation of the pump/Stokes pulse is
computed according to the integral:

(E12 ⋆E12)(Ω) =

∞∫
−∞

dωE∗12(ω)E12(ω +Ω) ∝

exp

[︄
−

(︄
ln 2
∆ω2

12
+ i
φ2
2

)︄
Ω

2

]︄
·

∞∫
−∞

dω exp

{︄
4 ln 2
∆ω2

12

[︃
Ω +
(ω − ω12)

2

]︃2
− iφ2Ω

(ω − ω12)

2

}︄
(7)

where only the quadratic phase term (φ2) has been included. Note that including the third-order
dispersion (TOD, φ3) would only contribute to the real part of the argument of the exponential
integrand, as the imaginary part factors out in the product with the complex-conjugated field: this
is true for all the odd terms in the spectral phase expansion of Eq. (5). A closed-form solution to
the integral in Eq. (7) is given in the form:

(E12 ⋆E12)(Ω) ∝
√︂
π(4 log 2 + iφ2∆ω

2
12) exp

[︄(︄
−

4 ln 2
∆ω2

12
+ iφ2

)︄
Ω

2

]︄
(8)

which represents a Gaussian envelope modulated by non-linear harmonic oscillations, having the
form of the derivative of Fresnel sine integral function, with local frequency proportional to the
quadratic phase term. Equation (4) and Eq. (8) are employed to generate a library of synthetic
NR CRS spectra for varying pulse duration, and fit the experimental NR CRS spectra, as shown
in Fig. 2.

2.2. Experimental setup

The laser system employed for ultrabroadband fs/ps CRS spectroscopy is detailed in Ref. [37].
A single ultrafast regenerative amplifier system (Astrella, Coherent) combined with a second-
harmonic bandwidth compressor unit (Light Conversion), provides the combined pump/Stokes
(35 fs, 1650 µJ/pulse at 806.7 nm) and the probe (12.6 ps, 117 µJ/pulse at 403.4 nm) fields
which are auto-synchronized at 1 kHz repetition rate and focused to the measurement location
using spherical lenses (f: 500 and 300 mm, respectively). We demonstrate its applicability to
measurements behind thick optical windows by transmitting the fs beam through a ∼22 mm thick
BK7 glass window. This glass has larger group velocity dispersion at 800 nm (∼45 fs2/mm)
than other optical window materials (e.g. fused silica ∼36 fs2/mm), which demonstrates the
application of this methodology to the more extreme conditions. The window is placed ∼200
mm after the focusing lens to prevent white light generation inside the glass. The energy of the
fs beam after the transmission thought the optical window is ∼1500 µJ/pulse. We control the
temporal chirp of the fs pulse prior the in-situ filamentation using an external pulse-compressor.
Thin-film polarizers ensure the linear polarization of the pump/Stokes and the probe beams, and
half-wave plates control their polarization angles. Ensuring the linearity of the polarization
of the fs beam before it undergoes filamentation is critical to control the polarization state
of the compressed supercontinuum, since electronic Kerr nonlinearity, electron plasma, and
molecular alignment in the filament result in the rotation of the polarization ellipse [38]. Linearly
polarized pulses maintain their polarization state in fs laser-induced filamentation and in the
post-filamentation propagation [39]. Adopting a two-beam nearly phase-matched configuration
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Fig. 2. (a) 1000-shot-averaged NR CRS spectra recorded, by varying the position of the
compressor grating, in a flow of CH4 without the optical window (No OW). The white dashed
line identifies the condition of a near transform-limited (TL) pulse. (b) Corresponding NR
CRS spectra after the introduction of a BK7 optical window (OW) in the pump/Stokes beam
path. The red dashed line identifies the condition of a TL pulse obtained after transmission
through the window. The dotted boxes represent the region of interest (ROI) analyzed in the
present work. (c) NR CRS spectrum for a near TL pump/Stokes pulse as compared to the
time-domain NR CRS model (No OW). (d) NR CRS spectrum for TL pump/Stokes pulse
transmitted through the optical window (OW). (e) NR CRS signal for varying linear chirp
in the input fs pump/Stokes pulse, as predicted by the time-domain model. For values of
the pulse GDD larger than ∼1000 fs2 the spectral autocorrelation of the pulse results in the
formation of sidebands in the CRS spectrum and in the narrowing of the excitation window.
(f) Experimental autocorrelation of the fs pulse as measured by the NR CRS signal of room
temperature CH4 in the ROI. The opaque box represents the spectral region affected by the
edge of the band pass filter (BPF).

[28], the pump/Stokes beam is crossed by the probe beam ∼2 mm after the end of the filament to
avoid ionization inside the probe volume. The ending point of the filamentation generated both
across the flame and in non-resonant gases (i.e. argon and methane) is always fixed regardless of
the input pulse energy and the local thermodynamic properties of the gas [37]. The resulting
dimensions of the probe volume are thus estimated geometrically to be 20 µm (width, FWHM)
x 2.5 mm (length, FWHM) x 20 µm (height, FWHM). The coherent imaging spectrometer
developed for the simultaneous acquisition of the resonant and NR CRS signals in Ref. [30] is
here adapted for the in-situ referencing of the ultrabroadband excitation generated in the flame.
A Fresnel Rhomb rotates the polarization of the NR signal to maximize the efficiency of a
high-resolution transmission diffraction grating (>90% diffraction efficiency for S-polarization,
Ibsen Photonics). The signals are imaged onto the sCMOS detector (Zyla, Andor) through a
fast-focusing lens (f: 100 mm), resulting in a detection bandwidth of 1900 cm−1, with a dispersion
of 0.93 cm−1/pixel. The resolution of the H2 CRS spectra is limited by the linewidth of the
ps probe pulse which is measured to be ∼2.7 cm−1, and by the instrumental broadening of the
spectrometer, which is fitted to a Voigt profile with a ∼0.1 cm−1 FWHM Lorentzian and a ∼1.7
cm−1 FWHM Gaussian contribution. For high-resolution spectroscopy in the pure-rotational
region (∼50-600 cm−1) the spectrometer is adapted by changing the imaging lens to a slower
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focus (f: 400 mm), resulting in a dispersion of ∼0.27 cm−1. H2 CRS measurements were
performed across the flame front of a laminar H2/air diffusion flame, provided on a Bunsen
burner: the probe volume was moved from the center of the burner towards its rim, in steps of
0.5 mm as shown in Fig. 1(d). A steel mesh was placed ∼15 mm above the burner to stabilize
the flame and the measurements were performed ∼0.5 mm (H2 CRS thermometry) and ∼1
mm (preferential diffusion) above its nozzle. The H2 flow was diluted in a 50% mixture with
nitrogen (N2) to perform conventional N2 CRS thermometry for validation purposes. The ex-situ
spectral referencing protocol is performed by measuring the NR CRS signal from the compressed
supercontinuum generated in a flow of room temperature argon (which has no rotational degree
of freedom).

3. Results

3.1. Autocorrelation measurements of the fs pump/Stokes pulse

The effect of temporal chirp in the pump/Stokes pulse on the spectral excitation efficiency is
illustrated in Fig. 2. 1000-shot-averaged NR CRS spectra were recorded as a function of the pulse
dispersion, controlled by the external compressor unit in Fig. 2 (a) and introduced by the optical
window in Fig. 2 (b), in a non-resonant gas flow (methane, CH4). The input pump/Stokes pulse
energy was 50 µJ, i.e. lower than the filamentation onset. The amount of chirp in the input pulse is
controlled by varying the angle of the diffraction grating in the external compressor unit (details in
Supplement 1). A strong periodic modulation of the NR CRS spectra in Fig. 2(a) results from the
introduction of quadratic phase to the pump/Stokes pulse, in accordance with the theoretical result
of Eq. (8). The pulse transmission through the thick optical material only introduces linear chirp,
as proven by the translation of the spectrochronogram from Fig. 2(a) to Fig. 2(b). The dependence
of the NR CRS spectrum on the spectral phase of the pump/Stokes pulse can be exploited to
measure its spectrochronographic properties: we do this by fitting the experimental spectra to
our time-domain NR CRS model. We quantify the quadratic phase introduced by the external
compressor, resulting in a stretching of the 35 fs near transform-limited (TL) pump/Stokes pulse
in Fig. 2(c) to ∼150 fs by either negative or positive dispersion. The same input chirp is combined
with transmission through the window in Fig. 2(d), allowing for a direct evaluation of the positive
group delay dispersion (GDD) arising due to the optical material: this is measured to be 424 fs2,
resulting in a stretching of the pulse duration to 47 fs. When the combined GDD is larger (in
magnitude) than ∼1000 fs2, the autocorrelation of the pump/Stokes pulse results in the shift of the
local maximum of the spectral excitation in the range ∼300-1000 cm−1, evident in the raw data
of Fig. 2(a-b). For large pulse GDD, the NR CRS spectrum departs from the usual monotonic
trend with the Raman shift, presenting multiple local maxima at locations which depend on the
GDD itself. This behavior is similar to what has been shown by applying spectral focusing [40]
and pulse shaping [41] techniques, but is here realized without any intra-pulse delay as our CRS
system employs a single combined pump/Stokes pulse. Figure 2(e-f) shows the comparison
of the experimental and the theoretical spectral autocorrelation of the fs pump/Stokes pulse as
measured by the NR CRS signal. The time-domain CRS model illustrated by Fig. 2(e) predicts
the parallel formation of spectral sidebands: this prediction is experimentally verified in Fig. 2(f).
This behavior is analogous to the spectral focusing technique first demonstrated by T. Hellerer
et al. [42] for CARS microscopy: introducing the same amount of GDD in their broadband fs
pump and Stokes pulses, they demonstrated the coherent excitation of a narrow spectral region
with spectral selectivity enabled by the tuning of the intrapulse delay. The experimental NR CRS
spectra in Fig. 2(f) thus map the effect of the linear chirp in the input fs pulse, which results in
the narrowing of the spectral excitation, and in its shift to values of the Raman shift |Ω| > 0, even
with a null intrapulse delay for our combined pump/Stokes pulse.

https://doi.org/10.6084/m9.figshare.20634816


Research Article Vol. 30, No. 20 / 26 Sep 2022 / Optics Express 35238

3.2. Generation of ultrabroadband coherent excitation behind the optical window

The use of ultrabroadband CRS techniques at measurement scenarios with an enclosed space (e.g.
high-pressure combustors, optical cells, etc.) requires the experimentalist to maintain control of
the spectral phase while the compressed supercontinuum pulse is transported through the optical
windows, which is impractical, perhaps even impossible. In the present work we demonstrate that
fs laser-induced filamentation [43,44] can be used to generate a compressed supercontinuum pulse
in-situ behind an optical window, thus maximizing the rotational Raman coherence in gaseous
H2. The time-domain NR CSR model is extended to the ultrabroadband NR signal generated by
the compressed supercontinuum acting as the pump/Stokes pulse. We let the duration of the fs
pulse vary and used it as an additional fitting parameter, thus accounting for the increment of the
pulse bandwidth due to its self-phase modulation in the filamentation process. The temporal
compression of the resulting spectrally-broadened pulse, due to its non-linear propagation in the
plasma medium, is again modelled by the GDD of the medium. The most stringent assumption
introduced here is that of a symmetric broadening of the pulse spectrum, preserving its original
Gaussian shape. The validity of this assumption could be limited when the pulse is compressed
in air under tight focusing conditions: if the contribution of the non-linear refractive index of the
dense plasma medium to self-phase modulation is greater than the one due to Kerr effect, an
asymmetric broadening of the pulse spectrum would result to higher frequencies. Within the
scope of the present work we nonetheless find the assumption reasonable, given the limited energy
of the input fs pulse and the much-reduced density of the plasma generated in the hot environment
of the flame. The pulse compression achieved via fs laser-induced filamentation can also be
experimentally investigated as a function of the linear chirp in the input fs pulse, as shown in
Fig. 3. The generation of the compressed supercontinuum in the filament depends on the complex
interplay between multiple non-linear optical processes, whose relative magnitude is determined
by the non-linear susceptibility of the gaseous medium where the filament is generated. While for
non-resonant molecules (e.g. argon) the third-order non-linear susceptibility is entirely electronic
in nature, the generation of rotational nuclear wave packets in Raman-active molecules (e.g. N2
and O2) can play a role in the pulse compression through self-phase modulation and non-linear
light propagation. This explain the different output of the filamentation process, in terms of pulse
compression and corresponding ultra-broad excitation bandwidth, in CH4 and in air.

Figure 3(b) shows the ultrabroadband NR CRS spectra acquired in a room-temperature flow of
CH4, as a function of the linear chirp in the input pulse. The pulse compression –here quantified
by the contour line at half maximum of the NR CRS spectrum in the region 200-1600 cm−1

(i.e. HWHM)– shows only a slight dependence on the input chirp pulse in the range between
-500 fs2 and 500 fs2, and it decreases dramatically for larger (absolute) values of the pulse GDD.
When realized in air, on the other hand, fs laser-induced filamentation has a more complex
dependence on the input chirp, and the HWHM bandwidth contour shown in Fig. 3(a) remarkably
presents a local minimum close to the condition of a TL pulse. Introducing a small amount of
GDD in the input pulse enhances the pulse compression resulting in two local maxima of the
excitation bandwidth for φ2 = 397 fs2 and φ2 = -492 fs2; the latter was found to optimize the pulse
compression for ultrabroadband H2 CRS spectroscopy in the flame. Furthermore, comparing the
bandwidth of the compressed supercontinuum generated in CH4 and in air, the higher electronic
third-order susceptibility of CH4, being almost thrice as large as that of N2 and O2 (see Table S1
in Supplement 1), results in a larger pulse compression via fs laser-induced filamentation. We
operated the external compressor so as to optimize the pulse compression via filamentation in the
flame environment, introducing a GDD of -492 fs2 to the input pulse, which is thus stretched to
∼52 fs, as measured by the NR CRS signal in Fig. 3(c), recorded in flow of a non-resonant gas
(argon) at low pulse energy (i.e. without filamentation).

Figure 3(d) shows the application of the NR CRS model to estimate the duration and the
residual chirp of the compressed supercontinuum generated via fs laser-induced filamentation

https://doi.org/10.6084/m9.figshare.20634816
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Fig. 3. Pulse compression by fs laser-induced filamentation behind the optical window.
The ultrabroadband NR CRS signal is generated in room-temperature (a) air and (b) CH4,
for varying linear chirp in the input fs pump/Stokes pulse. 1000-shot-averaged spectra
are shown. The white contour line identifies the HWHM excitation bandwidth. For
moderate input chirp (i.e. |φ2 | < 500 fs2) the bandwidth of the compressed supercontinuum
generated in CH4 is almost unaffected by the input chirp. In air, a local minimum in
the bandwidth of the supercontinuum pulse is obtained for a TL input pulse, while two
local maxima are achieved for slightly chirped pulses. The setting φ2 = -492 fs2 (dashed
red line) of the external compressor was employed to optimize the pulse compression in
the flame experiments. (c) 1000-shot-averaged NR CRS spectrum of the chirped input
fs pulse optimized for pulse compression via filamentation in the flame environment (d)
1000-shot-averaged ultrabroadband NR CRS spectrum recorded in a flow of argon. The
spectrum clearly displays the success of generating a compressed supercontinuum behind
the optical window, which can be used for ultrabroadband CRS in enclosed spaces.

in argon (ex-situ): this is measured to be a near-TL pulse with a duration of 17 fs. Finally,
we can estimate the impact that the optical window would have on the transmission of this
supercontinuum pulse generated ex-situ, when employed as the pump/Stokes pulse for H2 CRS
behind the window itself. The ∼424 fs2 GDD introduced by 22 mm of BK7 glass would result in
a significant stretch of the compressed supercontinuum generated ex-situ, to ∼68 fs requiring
additional phase control techniques to guarantee a sufficient excitation bandwidth and perform
ultrabroadband CRS on H2.

3.3. In-situ referencing of the compressed supercontinuum generated in the flame

The experimental protocol for the in-situ referencing [30] of the fs laser excitation of the Raman-
active modes relies on the simultaneous generation of the resonant and NR CRS signals with
orthogonal polarization. The theory of polarization control over the generation of the resonant
and NR CRS signals is detailed in Supplement 1. We assume the polarization of our combined
pump/Stokes pulse as a reference, and define the relative polarization angles of the probe, and the
resonant and the NR components of the CRS signal respectively as α, β, and γ. The polarization
angles of the resonant and NR CRS signals, as a function of the relative probe polarization angle,
are:

tan β = (1 − 2ρ) tanα

tan γ = 1
3 tanα

(9)

where ρ is the depolarization ratio of the Raman-active molecules. The functional relations in
Eq. (9) are represented on the unit sphere in Fig. 1(b). Coupling Eq. (9) with the condition for
simultaneous generation of cross-polarized resonant and NR CRS signals, i.e. |β – γ | = π/2, we

https://doi.org/10.6084/m9.figshare.20634816
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determine the required relative probe polarization angle:

α = tan−1

(︄
±

√
3√︁

2ρ − 1

)︄
(10)

Equation (10) has real solutions only for ρ>1/2: the applicability of the in-situ referencing
protocol is thus limited to weakly-polarized or depolarized Raman transitions. In the present
work we are interested in applying the in-situ referencing protocol to the pure-rotational CRS
spectrum of H2, whose Raman-activity is entirely due to their anisotropic polarizability: the
pure-rotational H2 Raman spectrum is thus entirely depolarized and ρ= 3/4. Equation (10) then
gives the relative probe polarization angle that results in cross-polarized resonant H2 and NR
CRS signals: α = tan−1√6.

Figure 4(a) shows the average NR CRS spectra acquired in-situ at each measurement location
across the flame front (see Fig. 1(d)) and is compared to the average NR CRS spectrum generated
ex-situ in room-temperature argon (same as Fig. 3 (d)). The ultrabroadband CRS signal spans
over 1600 cm−1, and the band-pass filter is tuned to transmit the spectral region ∼300-1500
cm−1. The comparison between the fs laser excitation efficiency, as mapped by the NR signal
generated in-situ versus ex-situ, illustrates the significant impact of the boundary conditions
to the supercontinuum generation via in-situ filamentation in the flame. The instantaneous
bandwidth of the compressed supercontinuum is here defined as half-width-at-half-maximum
(HWHM) of the signal over the measured spectral range ∼300-1500 cm−1, and it is measured to
be 394 cm−1 for the compressed supercontinuum generated ex-situ in argon. For comparison
the excitation bandwidth provided by a 35 fs TL pump/Stokes pulse over the spectral range
∼300-1500 cm−1 is 126 cm−1. In the flame, the bandwidth of the supercontinuum varies from
206 cm−1 at y= 0 mm to 136 cm−1 at y= 8 mm, corresponding to a pulse duration of respectively
26 fs (GDD= 100 fs2) and 30 fs (GDD= 100 fs2). This reduction in the pulse compression is due
to the lower effective refractive index of the optical medium along the filament propagation across
the flame front. This has a comparable effect on the two non-linear optical effects underlying
fs laser-induced filamentation, i.e. optical Kerr effect and multi-photon ionization. The lesser
effective refractive index of the optical medium at higher temperatures determines a reduction
of the self-phase modulation of the fs pulse and of the plasma density in the filament, resulting
in a lesser pulse compression. This effect is of course highly dependent on the spatio-temporal
boundary conditions to the filamentation process, requiring the in-situ referencing protocol
to faithfully map the excitation efficiency of the different Raman transitions. The locality of
the supercontinuum generation is moreover evident looking at the progressive reduction in the
excitation bandwidth from the center of the burner to its rim, due to the three-dimensional
curvature of the conical flame.

3.4. Pure-rotational H2 CSR spectroscopy

Figure 4(b) presents the single-shot resonant H2 CRS spectra acquired across the flame front. Six
rotational lines of H2 –from O(2) at 354 cm−1 to O(7) at 1447 cm−1– were detected simultaneously,
at high temperature, in the detection bandwidth of the spectrometer and within the dynamic
range of the sCMOS detector. The rotational lines in the resonant spectra show the characteristic
alternating intensity of even and odd lines, in accordance with the degeneracy of the single and
triplet spin states [29]. The progression along the transverse axis clearly shows the shift in the
rotational Boltzmann population of the H2 molecules with the increasing temperature across the
flame front. At y= 0 the relatively low temperature of the molecular ensemble results in the
lower rotational states, in particular J= 1←3, being the most populated. Moving towards the rim
of the burner, the increment in temperature results in the shift of the rotational population toward
higher energy states: for y> 4.5 mm the transition J= 3←5 dominates the rotational spectrum.
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Fig. 4. (a) Ultrabroadband NR CRS spectra acquired ex-situ in room temperature argon
(red curve) and in-situ at the different measurement locations across the flame front (black
curves). Each curve represents the average of 1200 single-shot spectra. (b) Single-shot
pure-rotational H2 CRS spectra acquired across the flame front of a laminar H2/air diffusion
flame. Up to six rotational lines are detected simultaneously within the dynamic range of the
sCMOS detector.

The single-shot H2 spectra are fitted to a time-domain model similar to that presented in
Ref. [29] (details in Supplement 1) to extract the local temperature across the flame front. An
example of the spectral fit is shown in Fig. 5(a) and Fig. 5(b), where the comparison between the
conventional ex-situ and the in-situ referencing protocol is presented. The larger bandwidth of the
NR CRS signal generated ex-situ in room-temperature argon (Fig. 5(a)) overestimates the effective
excitation efficiency of the higher Raman transitions, resulting in spectral cooling. This behavior
severely skews the envelope of the Raman spectrum so that, even for the best-fitting temperature,
the ex-situ-referenced spectrum does not follow Boltzmann distribution, as illustrated by the
large misfit of most rotational lines. The use of the correct spectral reference, provided by the
NR signal generated in-situ (Fig. 5(b)), is thus critical to perform quantitative spectroscopy on
the pure-rotational H2 spectrum. The temperature profile across the flame front, as measured by
H2 CRS thermometry, is shown in Fig. 5(c), along with the validation measurements performed
by conventional N2 CRS thermometry. As N2-dilution of the H2 flow is employed, conventional
N2 CRS measurements are possible on both sides of the flame front, allowing for a complete
reconstruction of the temperature profile. H2 on the other hand is rapidly consumed in the
chemical reaction, so that the H2 CRS signal rapidly decreases moving towards the burner
rim, for the combined effect of the increasing temperature and the reduced H2 concentration:
ultrabroadband H2 CRS measurements were performed up to y= 8 mm. The temperatures
measured by N2 CRS and H2 CRS are well in agreement when the in-situ NR signal is employed
for the spectral referencing of the ultrabroadband H2 CRS spectra: the accuracy of the H2
thermometry is below 1% for most measurement locations across the flame front. H2 CRS
thermometry employing ex-situ referencing, on the other hand, results in a significant bias (up to
80%) towards lower temperatures at all the measurement locations, as shown in Fig. 5(d).

The precision of ultrabroadband H2 CRS thermometry was estimated as the standard deviation
of the measured temperature over a sample of 1200 single-shot spectra. This is comparable to
that of conventional N2 CRS, varying in the range ∼1-3%, for y ≤ 6.5 mm, while it is negatively
impacted by the H2 consumption in the reaction zone of the flame, with a significant reduction
of the signal intensity. At the last three measurement locations, this abatement of the signal
impaired the detection of the O(2) line (see Fig. 4(b)), and the signal-to-background ratio (SBR)
of the O(6) line was reduced to ∼2. At the last measurement point, the O(5) line was barely
detectable (SBR∼1.3) and the spectral fit only relied on four lines, reducing the precision to ∼9%.
These temperature measurements are in good agreement with the values reported by Toro et al
for a similar laminar H2/air diffusion flame [45].

Ultrabroadband CRS further provides new insights in the molecular transport processes taking
place in the measurement environment presented here. Figure 6(a) shows the experimental
temperature and relative H2/N2 concentration profiles, measured by ultrabroadband CRS across
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Fig. 5. (a) Single-shot experimental H2 CRS spectrum (solid line) acquired in the flame at
y= 6 mm, referenced by the NR CRS (dot-dashed line) spectrum acquired ex-situ in argon, and
comparison to the time-domain H2 CRS model (dotted line) to fit the Boltzmann distribution.
(b) The same experimental spectrum is referenced by the NR CRS spectrum simultaneously
acquired in-situ, and fitted to the time-domain H2 CRS model. (c) Temperature profile
measured by conventional pure-rotational N2 CRS and ultrabroadband H2 CRS spectroscopy.
(d) Comparison of the measurement accuracy of H2 CRS thermometry for the ex-situ
and in-situ referencing protocols: the standard (ex-situ) protocol results in a consistent
underestimation of the H2 temperature.

the flame front: moving from the center of the burner to the chemical reaction zone, the H2
concentration significantly reduces, from 50% to 40%, while the temperature presents only a
minor increment up to y= 3.5 mm as shown in Fig. 6(b). This small change in temperature (∼57
K) is attributed to heat transfer from the high-temperature reaction zone, rather than to the onset
of the chemical reaction itself: H2 is not consumed in this region, but it is rapidly transported
towards the reaction zone, owing to its large mass diffusivity [31]. To the best of our knowledge,
this represents the first direct observation of molecular preferential diffusion in a H2/air flame.

Fig. 6. (a) Simultaneous CRS measurement of the temperature and relative H2/N2
concentration across the flame front (1 mm above the nozzle). The black box represents
the area of interest for H2 preferential diffusion. (a) A significant reduction of the H2
concentration, from 50% at y= 0 mm to 40% at y= 3.5 mm, is measured in the face of an
almost constant temperature profile and is thus attributed to preferential diffusion.
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4. Conclusions

A novel approach to ultrabroadband CRS is proposed as a straightforward pathway to rotational H2
spectroscopy in closed environments, such as high-pressure combustors or chemical reactors. The
investigation of H2 chemistry by time-resolved coherent Raman techniques requires a compressed
supercontinuum to generate coherence between the widely spaced states in the rotational energy
manifold [29], but is hindered by the introduction of non-linear contributions to its spectral phase.
To date ultrabroadband fs/ps H2 CRS has not been applied in closed measurement scenarios.

The technique here proposed is based on the in-situ generation, use and referencing of the
coherent excitation provided by supercontinuum compression in fs laser-induced filamentation.
The 35 fs output of a regenerative fs laser amplifier was negatively chirped before its transmission
through a 22 mm BK7 glass window, resulting in a residual negative chirp of ∼490 fs2: this
value is experimentally demonstrated to optimize the multiphoton ionization and the optical Kerr
effects that underpin the pulse compression in the filamentation process. We have shown that the
NR CRS signal, which has often been considered detrimental to CRS, with much effort dedicated
to its suppression [24,46], not only maps the efficiency of the coherent excitation delivered by the
pump/Stokes pulse, but can be effectively used to perform spectral autocorrelation measurements
of the pump/Stokes pulse and to characterize its transmission through optical media. This result
is particularly powerful when combined to the last piece of the present diagnostic puzzle: the
in-situ referencing protocol to monitor the ultrabroadband spectral excitation delivered by the
compressed supercontinuum. This novel experimental protocol utilizes polarization control
over the input laser fields to generate the resonant and NR signals with relative orthogonal
polarization, and realizes their simultaneous separated detection in a polarization-sensitive
coherent imaging spectrometer. Altogether in-situ generation, in-situ use, and in-situ referencing
of the ultrabroadband coherent Raman excitation define a new diagnostics to investigate the
rotational energy distribution in gaseous H2.

Ultrabroadband H2 CRS measurements were demonstrated over a wide range of temperature
and H2 concentration across a canonical H2/air diffusion flame (Fig. 5), and validated against
conventional N2 CRS thermometry. The potential of our technique is further exemplified by what,
to the best of our knowledge, is the first direct observation of H2 preferential diffusion in H2/air
flames. The effect of the mass transport mechanism for the lightweight H2 molecules is uncovered
by the spatial mismatch of the temperature and relative H2/N2 concentration, as measured by
pure-rotational CRS (Fig. 6). Although this configuration is designed for rather large-scale
combustor test rigs (approximately 0.5 m in width), it can be extended to smaller-scale housings
as in Ref. [26], provided that the numerical aperture and therefore the filament properties are
maintained. For instance, the input beam diameter can be modified accordingly to reduce the
field irradiance inside the window when short focal-length optics are required. We prospect the
far ranging application of this diagnostics in all the research fields where H2 chemistry plays a key
role, from novel sustainable combustion technologies to methane reforming for H2 production.
To name one, liquid oxygen/gaseous H2 rocket combustion is a thriving research field with
application to low-Earth commercialization and sustainable space exploration [47]. Our technique
has clear advantages in such high-pressure environments, where both the fs pulse compression
and the coherent Raman excitations are enhanced, while time-resolved measurements can be
realized probing the Raman coherences below the collisional time-scale.
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