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ABSTRACT 

Chirped-probe pulse femtosecond coherent anti-Stokes Raman scattering (CPP fs CARS) 

was used to study high pressure gas-phase thermometry. The experimental measurements were 

mostly performed in a static gas cell and in a canonical flat flame burner. The purpose of this study 

is to provide insights for the future rocket relevant combustion measurements.  

The fundamental physics related to high pressure fs CARS were studied by formulating and 

solving a full set of time dependent density matrix equations (TDDM). In this work, TDDM was 

found useful in calculating the Raman excitation efficiency and in simulating the collision induced 

population and coherence transfer.  

The optical effects associated with ultrashort pulse propagation in the high-pressure system 

were investigated. For example, the femtosecond pulse can receive large amount of frequency chirp 

when transmitting through thick glass windows of the optical section in the high-pressure system. 

The effects of pump and Stokes frequency chirp were investigated both experimentally, by inserting 

disks of SF11 glass into the pump and Stokes beam paths to study the flame thermometry, and 

theoretically by incorporating pulse chirp into the TDDM simulations to calculate the Raman 

excitation efficiency. Meanwhile, the ultrashort pulses can experience self-phase modulation in the 

high-pressure gas medium. The effects of self-phase modulation (SPM) on the power spectra of 

femtosecond pulses will have significant impact on the fs CARS profile. On the other hand, the 

extend and the behavior of SPM reply on the laser intensity and are also species-specific. The 

optimal laser intensities in high-pressure gas mediums like N2, O2, CO2 and CH4 were investigated.  

To prepare for future rocket relevant combustion studies, CPP fs CARS thermometry was 

developed for CO2, O2 and H2. Especially for CO2 and O2, they have close vibrational frequencies 

but very different coherence dephasing rates. Relative concentration between CO2 and O2 can then 

be extracted by using a short probe delay, and the temperature information can be determined by 

using long probe delays and the O2 transitions will not interfere with CO2 and nonresonant 

contribution of the CARS signal can be suppressed. CO2 CPP fs CARS measurements inside the 

high-pressure high-temperature gas cell were presented and discussed. Collisional narrowing 

effects for CO2 especially for high gas number density situation were discussed.  
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 INTRODUCTION 

1.1 Motivation 

Laser spectroscopy is a useful tool in combustion diagnostics. Compared to conventional non-

laser-based techniques like using thermocouple for temperature measurement, most laser-based 

methods are nonintrusive and are more suitable for harsh environment measurements.  

Combustion diagnostics at high pressure conditions are of practical interests for applications 

like gas turbine combustor, jet engine, rocket combustion and explosive material studies etc. For 

those systems, time-dependent and spatially resolved thermometric measurements are critical due 

to the fast combustion kinetics and turbulent thermo-fluid dynamics at high pressures. Among the 

many laser diagnostic techniques, laser induced fluorescence (LIF) is widely used for flame 

imaging. Typically, a monochromatic laser source in UV wavelength is used to excite the electronic 

transitions. The fluorescence signal will then be collected and analyzed through a photomultiplier 

tube (PMT). By creating planar laser sheets (PLIF) and using intensified cameras for detection, 2-

D or even 3-D flame imaging with relative concentration and temperature distributions can be 

obtained. One of the limitations for high pressure LIF applications is that the collisional quenching 

rate also scales with gas number density. Meanwhile, the luminous flame can create significant 

background for LIF signal collection. Absorption spectroscopy is another popular diagnostic 

technique. Usually, optical intensity of a laser pulse is measured before and after its transmission 

through a gaseous medium to extract the material absorptivity and the subsequent temperature 

information. The collisional effects can be accounted into the spectral modelling through collisional 

line broadening and line shifting in absorption spectra, and flame chemiluminescence can be 

mitigated because the signal is laser-like. However, absorption spectroscopy is a beam path 

averaged measurement technique. To obtain spatially resolved measurement, usually a detection 

array and some tomography methods will need to be applied. Coherent anti-Stokes Raman 

scattering (CARS) is a third-order optical process. CARS is well-known for its high spatial 

resolution and accurate measurement precision in combustion diagnostics. Meanwhile, the CARS 

signal intensity scales quadratically with target molecule’s number density, the laser-like signal also 

makes CARS convenient and efficient to collect in harsh environment like in high pressure systems.  
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A typical CARS setup usually requires a pump and a Stokes pulse to prepare the Raman 

excitation, and a probe pulse to frequency-couple the Raman coherence to generate the CARS signal. 

For many nanosecond CARS studies, a broad band dye laser will need to be used together with the 

nanosecond laser source to excite the Raman transitions, the major limitation of ns CARS for high 

pressure measurements are the slow laser repetition rate and the significant collisional effects due 

to the long laser-matter interaction timescale. The advent of commercially available ultrafast laser 

systems has made femtosecond CARS an alternative solution for high pressure combustion 

diagnostics. For example, for the femtosecond laser source that is featuring chirped pulse 

amplification (CPA), typical pulsed outputs are on the order of millijoules and with pulse repetition 

rates over 1 kHz. The high laser repetition rate enables better time resolution during experimental 

measurement, and the high laser intensity ensures sufficient CARS signal strength for single-shot 

detection while avoiding excess laser energy deposition.  

In this thesis, a technique called chirped-probe pulse (CPP) fs CARS is used to perform the 

high-pressure studies. The probe pulse originates from the femtosecond laser source and is being 

frequency-chirped from about 50 fs to 3 ps to map the time domain Raman coherence into frequency 

domain analysis. The single laser source ensures no time jittering when synchronizing three laser 

beams. And the frequency chirp of the probe pulse can be easily reached by passing the femtosecond 

pulse through some dispersive glass rods, which simplifies the experimental setup and maximizes 

the energy transfer efficiency when proper material is used. 

1.2 Research Objective  

High pressure fs CARS measurements have attracted growing interests during the past few 

years. As it will be introduced in more details in the literature review, many recent studies have 

devoted to N2 CARS measurements in a static high-pressure cell or some canonical flames in a 

high-pressure facility. However, for some practical high-pressure combustion applications like in 

rocket combustion studies, N2 is usually unavailable because oxygen is used as the oxidizer. Thus, 

one of the objectives of this research is to develop fs CARS measurements and CARS thermometry 

for gaseous species other than N2.  

On the other hand, this thesis will approach aspects associated with femtosecond laser 

propagation in the high-pressure facility and high-pressure gas medium. For example, considerable 

amount of frequency chirp can be applied to the pump and Stokes pulses when the laser beams 
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transmit through thick glass windows of the high-pressure chamber. The effects of frequency chirp 

on Raman excitation efficiency profile were evaluated by solving the full set of time-dependent 

density matrix equations. Similarly, self-phase modulation can happen when intensive femtosecond 

laser beams transmit through high pressure gas medium, the consequence of self-phase modulation 

on the induced laser beam profile as well as on the fs CARS measurements will be discussed in this 

thesis. 

High pressure fs CARS measurements of gaseous species like CO2, O2 and H2 will be 

performed in a heated high-pressure gas cell. The objective is to successfully interoperate the CARS 

spectra from those measurements to extract temperature and species concentration information. The 

efforts of bridging from the gas cell measurement to a more practical rocket relevant combustion 

measurement will also be introduced in this thesis.   

. 
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 LITERATURE REVIEW 

2.1 Overview of CARS  

2.1.1 Development of CARS for Gas Phase Measurement 

Coherent anti-Stokes Raman scattering (CARS) spectroscopy was first demonstrated by Maker 

and Terhune in 1960s[1], the initial studies were performed in some crystalline to study the third-

order susceptibilities of the isotropic materials. CARS started drawing attentions in gas phase 

combustion diagnostics in late 1970s[2-4] and since that it has been applied in many different 

combustion systems for thermometry measurement[5-8]. The accuracy of CARS thermometry has 

been verified through several approaches. For example, Farrow et. al compared the N2 CARS 

temperature with the radiation-corrected thermocouple measurement in a methane diffusion flame 

and excellent agreement was obtained. In another study performed by Lucht et.al, N2 and H2 CARS 

measurements were performed in a non-premixed laminar flame over a Hencken burner and the 

extracted thermometry matched with the adiabatic flame temperature satisfactorily[9]. Besides, 

there are some studies comparing CARS measured temperatures with other laser diagnostic 

techniques such as spontaneous Raman scattering [10], absorption spectroscopy [11] and laser 

induced fluorescence spectroscopy[12]. Conventional gas phase CARS measurement usually 

requires a narrow band laser source together with a broadband dye laser to excite the full ro-

vibrational transitions and to obtain good spectral resolution. To measure multiple species 

simultaneously, Eckbreth and Anderson et. al developed a dual-Stokes CARS system in which two 

broadband laser sources were used as the Stokes beams[13]. Similarly, the dual-pump CARS 

technique was proposed by Lucht to simultaneously measure N2 and O2 CARS spectra[14], this 

idea was latter evolved into a triple-pump CARS system to further extend its capability for multi-

species measurements[15]. For all those CARS measurements with a nanosecond laser system or a 

broad band dye laser source, the major limitations are the shot-to-shot instability due to the laser 

fluctuation, the slow data acquisition due to the laser repetition rate and the strong nonresonant 

background due to the long-lasting laser durations. Femtosecond/picosecond CARS technique, on 

the other hand, has proven with more stable laser generation, faster data acquisition rate and easier 

suppression of nonresonant background as compared to those conventional CARS techniques.  
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2.1.2 Time-resolved Femtosecond CARS 

The first gas phase time-resolved femtosecond CARS measurement was performed by 

Hayden and Chandler [16] on benzene and 1,3,5-hexatrine. For benzene, the Raman polarizability 

is mostly isotropic, Q-branch vibrational transitions are effectively excited, and the decay of the 

macroscopic polarization is thus due to the different frequencies of various Q-branch transitions. 

For 1,3,5-hexatrine, the anisotropic Raman polarizability results in spatially oriented sample of the 

molecule after pump-Stokes excitation, the overall polarization decay is mostly due to the excited 

molecules rotate away from their original orientations. M. Schmitt et. al [17, 18]measured the 

temporal evolution of the ro-vibrational features of iodine vapor as well as bromine, quantum 

mechanical calculations were proposed latter to simulate the wave-packet dynamics of different 

molecules in the ground electronic level. Time resolved fs CARS measurements for more 

combustion related species such as H2, N2 and CO2 were latter conducted by M. Motzkus et. al [19-

21]. The initial measurements were performed to retrieve ro-vibrational molecular constants as well 

as pressure dependent rotational relaxation coefficients from the fs CARS transients for long probe 

delays. As implied by the temperature dependence of the ro-vibrational transients, the first time 

resolved fs CARS thermometry was performed by Motzkus et. al on H2 [20] and was latter applied 

to N2 [22]. In Motzkus’s studies, time-resolved fs CARS signal was recorded tens to hundreds of 

picoseconds after the impulsive Raman excitation, and the recursive Raman coherence information 

was fitted to get satisfactory temperature measurement. 

 

 

Figure 2.1 Simulated Q-branch fs-CARS transients for N2 at 300, 1000 and 1700 K, respectively. 

A: Zones of silence, B: peaks suitable for single shot temperature determination, 1/ 2 ep  . C: 

periodicity of the vibrational CARS transients. The figure is from the work by Beaud et. al[22]. 
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On the other hand, Lucht et al. investigated the fs CARS signal dephasing few picoseconds 

right after the impulsive pump and Stokes excitation [23] . Temperature information was extracted 

from the overall dephasing rate of the resonant polarization signal, which is also known as 

‘frequency spread decay. The switch from long probe delays to short probe delays enables ‘collision 

free’ measurement of fs CARS at elevated pressures (1-10 bar) because this initial ‘frequency 

spread dephasing’ is less susceptible to collisional induced effects. Temperature measurement using 

N2 CARS was performed in a near adiabatic, hydrogen-air diffusion flames, and the measurement 

accuracy and precision were ±40K and ±50K respectively from 1500K - 2400K as reported in 

literature [24]  

 

 

Figure 2.2 CARS (including resonant and nonresonant contributions) signal intensity vs probe 

time delay for air at temperatures of 300, 600, and 940 K. The pressure was 1 bar for all three 

temperatures. The figure was from the work by Lucht et. al[23]. 

Single shot femtosecond CARS in heated gas cell was first demonstrated by Lang et. al [25]. 

In that study, temperature dependent H2 CARS signal was mapped into time domain analysis by 

using a linearly chirped probe pulse. However, the CARS signal was not collision free as the Raman 

polarization was probed 10 ps after Raman excitation. The applicability of single shot measurement 

significantly boosts the potential of fs CARS in more practical combustion diagnostics where high 

data acquisition rate will be required to resolve the fluid or thermal effects related transients. Also, 

single-shot femtosecond CARS measurement is more versatile and can be used for 1-D [26] or even 

2-D [27] CARS thermometry measurement or a simultaneous time and frequency measurement[28] 

when proper laser configurations are applied. 
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2.1.3 Hybrid fs/ps CARS 

The essential ideal of single-shot fs CARS is to change from time domain measurement to 

frequency domain measurement. In hybrid fs/ps CARS, broad band femtosecond pump and Stokes 

pulses are used to initiate Raman coherence in the gas medium, and the different frequency 

components in the giant Raman coherence is resolved by a narrow band probe pulse.  

Nonresonant background suppression is also important in hybrid fs/ps CARS. Miller et. al 

used a 4f-pulse shaping system [29] to create frequency narrowed (FWHM ~ 12 cm-1) 2.5 ps probe 

pulse that is time delayed to suppress the nonresonant background. With probe time delay of about 

2.36 ps after pump & Stokes excitation of the N2 ro-vibrational transitions, the nonresonant 

background was suppressed by 2 magnitudes while the resonant signal was found still strong 

enough for high temperature measurement. For temperatures up to 2400 K, they reported overall 

measurement precision of better than 2.2%. [30]  

Choices of probe pulse optimization were also discussed, using a narrow band Lorentzian 

filter [31] or Fabry-Perot etalon [32] time asymmetric probe pulse can be generated. Compared with 

time symmetric narrow band probe pulse generated through 4-f pulse shaper, this time asymmetric 

probe pulse enables shorter probe delay necessary for non-resonant suppression and thus maintains 

higher signal strength as well as ‘collision free’ measurement in elevated pressures. The finest probe 

resolution as reported so far was by Scherman et. al [33]. In their study, the probe pulse was 

generated by sending a broad band femtosecond pulse into volume Bragg grating. With 0.7 cm -1 

spectral resolution, the single shot measurement was able to resolve the full ro-vibrational features 

of N2 spectra. The limitation, however, is that the low SNR at high temperatures due to the low 

laser power of probe pulse and high susceptibility to collisional effects because the temporal long 

probe pulse duration. On the other hand, Kearney investigated the influence of coarse probe 

resolution on vibrational CARS thermometry by using a 1.5 ps probe pulse [34]. No evidence 

showed this would degrade the fitting accuracy as compared to the conventional setup where probe 

pulse of few picoseconds was being used. This can be understood when we consider, for example, 

the broad bandwidth of the vibrational manifold as compared to the probe spectral resolution.  

Pure rotational hybrid fs/ps CARS requires longer probe pulses (narrower linewidth) in order 

to resolve the rotational line structures. Longer probe delay will be needed for nonresonant 

suppression. By delaying an 8.4 ps probe by 13.5 ps with respect to pump/Stokes pulse, non-

resonant background suppressed pure rotational N2 CARS signals were used to extract J-level 
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dependent collisional dephasing rate [35]. In general, pressure dependent rotational linewidth 

corrections are needed for high pressure measurements and with long probe delays This could be a 

significant problem for complex combustion scenario where the molecular composition in the probe 

volume is mostly unknown. One of the limitations of using pure rotational hybrid fs/ps CARS at 

flame condition is the relative low efficiency of generating ps pulses through the femtosecond laser 

source either by 4-f grating or Lorentzian filter. Kearney et. al [34] proposed narrow band (3.5 cm-

1) probe pulse generation through second harmonic bandwidth compression (SHBC). For 2.8 mJ 

800 nm input pump pulse with 100 fs pulse length, the second harmonic generation energy can 

reach as high as 1.1 mJ. This facilitates first pure rotational hybrid fs/ps CARS thermometry at 

flame measurements with good accuracy and precision [34].  

At relatively low temperatures, pure rotational CARS was found to be more accurate than 

hybrid fs/ps vibrational CARS because rotational levels can be more efficiently excited as compared 

to vibrational levels. On the other hand, vibrational CARS usually exhibited better measurement 

accuracy at high temperatures. The incorporation of simultaneous pure rotational and vibrational 

CARS measurements was realized by Chloe et. al [36] by using a dual pump lasers. Satisfactory 

measurement accuracy was obtained over a wide temperature range from 298-2400 K. 

2.1.4 Chirped Probe Pulse Fs CARS 

Unlike the time resolved analysis in Lang’s studies [37], an alternative solution is to use a 

frequency chirped probe pulse (CPP) to map the time-resolved ro-vibrational molecular dynamics 

into frequency domain directly for single shot measurement. Vibrational CPP fs CARS 

measurement with 1 kHz acquisition rate was first demonstrated by Roy et. al [38] and was applied 

in H2-air flame stabilized over a Hencken burner [39]. Accuracy and precision were found to be 

approximately 1%-6% and 1.5%-3% for temperature range from 300-2400K.  
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Figure 2.3 Optical layout used for Chirped-probe-pulse fs CARS measurements. The figure is 

from the work by Richardson et. al.[40] 

The theoretical modelling for the CPP fs CARS spectral fitting was developed and discussed 

in detail by Richardson et. al [41]. This spectral fitting code was further refined by Thomas et. al 

[42] by introducing a weighted fitting scheme and shall be discussed in more details in the following 

chapters. 

Nonresonant suppression through a delayed probe pulse was also used in CPP fs CARS[43]. 

Richardson et. al also investigated the suppression of the non-resonant background by polarization 

control [44].   

Except from fundamental ro-vibrational constants extraction and the applications of 

temperature measurement, CPP fs CARS as well as fs/ps CARS were also being investigated for 

concentration measurement [40, 45] and pressure measurement [46]. Aided by all those 

fundamental spectroscopic studies, single shot frequency resolved fs CARS measurements have 

been utilized for more practical combustion related applications. For example, detailed flame 

characteristics in a gas turbine combustor with significant swirl and high levels of turbulence were 

revealed by Dennis et al. through using a 5-kHz CPP fs CARS system [47, 48]; the same laser 

system was later being applied to turbulent spray flames by Thomas et. al [49, 50]; Hybrid fs/ps 

CARS was also being applied in different consequences such as in metalized propellant 

combustion[51], canonical flat flames [52], and dielectric barrier discharge plasma transients [53].  

The comparison between CPP fs CARS and hybrid fs/ps CARS has been discussed by Richardson 

et. al [54], though the temperature range being investigated is all above 1000K. In general, the 
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spectral fitting routine for hybrid fs/ps CARS is simpler as it reduces the maximum number of laser 

parameters needed. On the other hand, CPP fs CARS benefits from simpler experimental setup as 

it requires only dispersive material such as chirping glass to generate picosecond length pulse, while 

for hybrid fs/ps CARS, either a pulse shaper or a SHBC would be needed for bandwidth 

compression. As a result, the probe pulse generation efficiency is also much higher by using CPP 

fs CARS. For example, with proper anti-reflection coating, nearly 100% probe pulse generation 

efficiency can be achieved by using long chirping glass, the generation efficiency through SHBC 

is about 40% as reported by Kearney et. al [55], higher probe pulse energy brings up higher SNR 

especially at high temperature conditions. In the meanwhile, CPP fs CARS can reveal all the ro-

vibrational transitions from the frequency beating featuures while the hybrid fs/ps CARS is only 

optimized for either pure rotational or pure vibrational transitions as is limited by the probe 

bandwidth. However, it was also found that satisfactory temperature measurement accuracy and 

precision can be obtained by using both techniques 

2.2 CARS Measurement at High Pressure Condition 

2.2.1 Collisional Effects 

Rotational collisions can result into collisional line broadening and even collisional line 

mixing (narrowing) in spectroscopic analysis, and the collisional frequency increases with higher 

molecular density. Thus, rotational collision is an essential topic in many high-pressure CARS 

studies. Pressure induced collisions are more frequently encountered, and usually more thoroughly 

studied in ns CARS measurements. This is because the nanosecond time scale of laser pulse 

duration matches with the typical collisional time scale. 

The rate of molecular collisions can be approximated by some semi-empirical fitting laws. 

For most of the semi-empirical laws, a mathematical formula is given with some floating parameters 

which can be determined by the experimental measurements. And those parameter sets are usually 

different when the collisional partner changes. Even for the same gaseous species, the parameters 

might need to be adjusted in different pressure and temperature range. Among those fitting laws the 

exponential gap law (EGL) and the energy corrected sudden law (ECS) are most widely used. EGL 

law is usually given in a form as 

  exp /ij bp E k T       (1.1) 



 

 

28 

where ij  denotes the collisional rate, E  is the energy difference between the initial and final 

state of collision, T  is the temperature and  ,   are just the floating parameters. Koszykowski 

et. al explained the collisional narrowing effects in room temperature N2 CARS measurement when 

pressure increases from 1 to 10 atm [56]. They latter used a more advanced form of EGL law 

expression and successfully extracted the fitting parameters from their experimental measurements 

under 10 atm [57, 58]. The pressure and temperature range validity was extended by Bouche et. 

al[59], they measured N2 Q-branch transitions up to 2500 bar and 700 K, the experimental 

measurements matched with their calculations when EGL law was used. ECS fitting laws was 

proposed by De Pristo et. al[60], it usually takes a more complex form as compared to EGL law as  
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where   is the adiabatic factor, for diatomic molecule like N2 it is given as  
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J   is the greater of J  and J  . 0LReW  is the basis rate constant and it can have several forms. For 

example, for ECS-P scaling law the basis rate is usually given in a form of[61] 
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and  A T  is a temperature dependent floating function and   is also a fitting parameter. Lavorel 

et. al measured N2 CARS spectrum and compared the Q-branch linewidth with ECS fitting law and 

good agreement was obtained for temperatures up to 2400 K. In another study, they validated ECS 

fitting law at room temperature and pressure up to 35 atm [62]. There were also some recent studies 

investigating the validity of ECS fitting laws for N2-N2 collisions from low pressure region (0.2 bar) 

to moderately high pressure region (5 bar) using time-resolved femtosecond CARS measurements 

and excellent agreement was reported[63, 64]. Many other studies compared the accuracy between 

EGL law and ECS law in terms of accurately modelling the collisional linewidth and it turns out 

both of them give satisfactory performance when the fitting parameters are properly chosen[65, 66]. 

The collisional rate calculation among different gaseous species are of practical interests for 

high pressure CARS diagnostics. For example, N2 collisional linewidth and line shift coefficient in 
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CH4-N2 mixture [67] or in a H2-N2 [68-70] mixture were measured and well-characterized by 

scaling laws in an extensive pressure range. Bonamy et. al[71] measured collisional linewidth of 

N2 in a N2-CO2-H2O system and the linewidth was also modeled using EGL law. The target species 

of collisional linewidth studies are not confined to simple diatomic molecules like N2 and O2. 

Buldyreva[72] investigated C2H2 pure rotational CARS spectra for pressures up to 6 bar and the 

linewidth was modeled using a semi-emperical Robert-Bonamy formalism. More recently, Jiang et. 

al[73, 74] measured CO2 S-branch linewidths broadened by CO, CO2, O2, Ar and C2H4 using a 

picosecond CARS system.  

In general, collisional effect is critical in high pressure CARS studies. On the other hand, 

due to the complexities of molecular collisions especially when multiple species are involved, it is 

preferable to avoid the collisional interferences in femtosecond CARS studies if it is possible.  

2.2.2 Frequency Chirp Effects 

Frequency chirp occurs when a spectrally broad pulse propagates through dispersive materials 

such as glass windows. Different frequency components of the pulse will experience indices of 

refraction. This causes a frequency dependent delay such that the overall pulse length is stretched 

in time. For normal dispersion, the low frequency component experiences a lower index of 

refraction and thus travels ‘faster’ than the high frequency component, while for abnormal 

dispersion cases are reversed. Unlike in our previous introduction for CPP fs CARS where the probe 

pulse is usually chirped extensively from tens of femtoseconds to few picoseconds, the frequency 

chirp that is going to be discussed in the following section is mainly for the pump and Stokes pulses. 

The extent of the frequency chirp is relatively small as compared to the chirped probe pulse. This 

discussion will be of practical interest because for most high pressure measurements where 

femtosecond pulses must travel through thick glass windows in order to reach the probe volume, 

the pump and Stokes beams will experience moderate amount of frequency chirp. 

The technique of using chirped pump and Stokes pulses in fs CARS was first demonstrated 

by Nibbering et. al [75]. In their study, considerable degree of frequency chirp was induced for both 

pump and Stokes pulses. By tuning the pump and Stokes delay, the instantaneous frequency 

difference between pump and Stokes pulses was precisely controlled so that specific Raman 

transitions were excited sequentially. This technique is also known as ‘spectral focusing’, 

depending on the application, selective excitation or spectral resolution enhancement [76-82] can 
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be achieved. Kearney[34, 79] used spectral focusing to vary the spectral regions from which pure 

rotational CARS spectra of N2 were generated, and to minimize the effect of the nonresonant 

background on the measured single-laser-shot pure rotational CARS signals. In his study, the pump 

and Stokes frequencies were degenerate. Thus, the Stokes delay was tuned to shift the Raman 

excitation profile towards a transition frequency of interest. This may lead to degradation of the 

overall Raman excitation efficiency with increasing amount of Stokes delay. Richardson et al. [41] 

investigated frequency chirp as a spectral fitting parameter in CPP fs CARS modelling, yet the 

Raman excitation efficiency was assumed to be identical for all Q-branch transitions and the 

nonresonant narrowing as a result of frequency chirp was not considered at that time. In spectral 

focusing studies by Wrzesinski et al., mechanical stages were used to scan the pump and Stokes 

delay in order to resolve the full spectral information [83]. The tradeoff, however, is that single shot 

measurements with high data acquisition rates are not available. More recently, Marrocco 

developed a numerical model to interpret the experimental vibrational CARS spectrum as well as 

pure rotational CARS signal where the extent of frequency chirp is significant [84].  

 

Figure 2.4 (a) Schematic layout of the optical setup. (b) Time-vs-frequency diagram for chirped 

pump and Stokes pulses. The excited Raman transition R
 is dependent on the relative delay 12

 

between the two pulses. (c) Cross-correlation (black) of the unchirped probe and chirped Stokes, 

cross-correlation (green) between the chirped pump/Stokes and unchirped probe, and auto-

correlation (red) of two unchirped probe pulses. The figure is from the work by Wrzensinski et. 

al.[83] 
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The inclusion of frequency chirp is important for high pressure CARS measurement 

especially when thick glass windows is used. The most obvious effects of frequency chirp in CPP 

fs CARS is to affect the Raman excitation efficiency profile and cause the spectral narrowing of the 

nonresonant signal. 

2.2.3 Self-phase Modulation 

Self-phase-modulation (SPM) is a nonlinear Kerr-like phenomenon in which an ultrashort 

pulse accumulates temporal phase as it propagates through a gas medium [85-87]. This nonlinear 

phase accumulation depends on the intensity profile of the laser pulse and the nonlinear refractive 

index of the gas. In the study of Nibbering et al. [88], the nonlinear refractive index was measured 

for N2, O2 and Ar at pressures up to 1.6 bar by recording the power spectrum of the transmitted 

pulses. Nibbering et al. [88] used a well-collimated, unfocused 120-fs, 800-nm beam directed 

through a 2.5-m long gas cell to measure self-modulation effects. At the exit of the cell, they 

selected the central 1-mm-diameter region of the beam for spectral analysis. In more recent studies 

by Langevin et. al [89] and by Wahlstrand et. al [90], the nonlinear refractive index of N2 was 

measured for several different pulse durations because variations in the pulse duration can affect 

the accuracy of retrieving the nonlinear refractive index. While most of the studies reported the 

measurements of nonlinear refractive index near atmospheric pressure [91], the pressure 

dependence of the nonlinear refractive index was measured by Börzsönyi et al. [92] for pressures 

up to 1 bar. It was found that, for these pressures, the nonlinear refractive index was approximately 

proportional to pressure for several inert gases such as N2 and Ar.  

Obviously, for high pressure fs CARS measurement, the self-phase modulation effect could 

lead to femtosecond pulse profile changing when it transmits through the high-pressure gas 

medium. This could become more complex in high pressure combustion studies as the fractions of 

gas species in the combustion product is not known in priori. Thus, elimination of suppression of 

SPM would be ideal, this can be done by tuning down the laser intensity.  

2.2.4 CARS Studies for H2, O2 and CO2, 

Theoretical modelling for H2 and O2 CARS spectrum are similar to N2. For H2, spectroscopic 

information including the line position[21, 93], transition strength and linewidth modelling has been 



 

 

32 

studied by different groups. Accurate linewidth model for H2 CARS for a wide pressure range is 

hard to obtain because Doppler’s broadening is more significant for light molecules. Though, H2 

CARS (ns or fs) for thermometry measurement has been reported and found to be accurate 

especially at high temperature flames and rocket combustion environment.   

Theoretical modelling of the CO2 CARS spectrum requires detailed spectroscopic information 

such as line positions, collisional line widths, and Raman cross sections [94]. Ab initio calculations 

of force constants for CO2, considering Fermi resonances, were performed by Suzuki et al [95]. 

Measurements of Raman cross-sections of vibrational modes of CO2 were tabulated by Rothman 

et. al [96]. Investigations of collisional linewidths were performed  using semi-empirical scaling 

laws [97] or directly from diffusion model calculations [98]. Recent spectroscopic studies of CO2 

have focused on bridging the gap between the experimental measurements and the ab initio 

calculations that were performed using different potential energy surfaces, over a wide range of 

temperatures [99]. The measurements of absolute Raman cross sections for CO2 vibrational 

transitions has focused mostly on the Fermi dyads (1285 cm -1 and 1388 cm-1) [100]. Tejeda et. al. 

reported [101] calculations of the first and higher order derivatives of the CO2 mean polarizability 

based on experimentally measured Raman intensities from some weak Fermi resonances as well as 

from the 
32  overtone. Similar studies were performed by Sanchez et. al [102]. They developed an 

algebraic model to calculate derivatives of the Raman polarizability which showed good agreement 

with the ab initio calculations [103] as well as with the experimental measurements [101]. They 

also simulated the spontaneous Raman spectrum of CO2 at a flame temperature of 1743 K and the 

comparison between their simulations and experiments was satisfactory[104].  

Examples of practical applications of CO2 CARS include measurements in the exhaust stream 

of a swirl-stabilized JP-8-fueld combustor under sooting conditions [105] as well as measurements 

inside an optically accessible gas turbine combustor facility [105, 106]. In these measurements, a 

N2-CO2 dual-pump CARS system with narrow band pump laser sources and a broadband Stokes 

laser source was employed. Temperature and relative species concentration were obtained from the 

frequency resolved N2-CO2 dual-pump CARS spectrum. Recently, Roy et. al demonstrated CO2 fs 

CARS measurement by using a single 7-fs broad band pulse [107]. Kerstan et al. [108] obtained 

femtosecond CARS spectra for CO2 with a two beam configuration. In their study, a 7 fs 

pump/Stokes pulse was used to excite the CO2 vibrational Raman coherences, which were then 

probed by a 1 ps probe pulse. Those measurements were performed in a heated gas cell and the 
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fitted temperatures, between 300 K-900K, were in good agreement with experimental results. 

An interesting aspect of CO2 fs CARS is that since the vibrational frequency of O2 (1556 cm-1) 

is very close to that of CO2 (1388 cm-1), both vibrations are excited due to the broad bandwidth of 

the pump and Stokes pulses. Kulatilaka et al. [109] performed time-resolved fs CARS 

measurements for CO2 and O2 mixtures in a gas cell at temperatures from 300 K to 900 K with 

varying CO2-O2 concentrations. They found that the frequency-spread dephasing rate of CO2 was 

much slower than that of O2. This indicates that by delaying the arrival of the probe pulse one can 

suppress the O2 resonant contribution. Similar studies, by Seeger et.al., used a delayed probe pulse 

to temporally separate the N2/O2 pure rotational CARS signals from the unwanted non-resonant 

contributions for thermometry/concentration analysis [110]. In work by Bitter et al. [26] the probe 

pulse was delayed by a few hundred picoseconds to fully suppress the resonant contributions from 

O2 molecule. By measuring the CARS intensity at two probe time delays (PTDs) they obtained the 

relative concentrations of CO2 and O2 [111]. 

2.2.5 Practical CARS Measurements at High Pressure Condition 

High pressure gas cell can provide a well-controlled pressure and temperature condition for 

CARS measurement, and it is an important preparation work for further high-pressure combustion 

diagnostic studies. One of the goals of high-pressure cell CARS studies is to increase the pressure 

and temperature range of measurement. Lucht et. al[23] reported time resolved fs CARS 

measurement of N2 inside a high pressure gas cell. For pressure range from 1 to 10 atm and 

temperature range from 300-940 K, they found that the dephasing of the Raman transitions was not 

affected by pressure within the first few picoseconds of impulsive Raman excitation. This finding 

indicates that “collisional free” measurement is still valid within a moderate pressure range if a 

proper probe delay is chosen. Wrzesinski et al.[112] extended this high pressure gas cell 

measurement to pressures up to 50 bar, for both N2 and O2, they concluded that accurate 

thermometric measurements could be made within the first 1-3 picosecond range without the need 

to account for collisional effects.  

Miller et. al[35] reported hybrid fs/ps CARS measurement for N2 pure rotational transitions. 

In their study, it was found that the ‘collision free’ assumption was valid for N2 and O2 for pressures 

up to 15 atm. Though, they only reported measurement at room temperature. Courtney et. al[113, 

114] reported N2 pure rotational CARS measurement in a heated high pressure gas cell with hybrid 
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fs/ps CARS. Satisfactory thermometry measurement was reported for pressure ranges from 1-70 

atm and temperature ranges from 300-1000 K. Due to the broadband nature of the femtosecond 

pulse, in their studies, a single 42 fs pulse was spectrally broad to excite pure rotational transitions, 

the Raman coherence was then scattered by a narrow band probe pulse. They claimed pure 

rotational CARS was less susceptible to pressure induced broadening due to the greater transition 

frequency separation, thus it was more ideal for high pressure CARS measurement. On the other 

hand, the transition frequency difference among different gaseous species are usually smaller in 

terms of their pure rotational transitions than their vibrational transitions, this could be problematic 

in practical combustion applications as gaseous mixtures are usually unavoidable.  

As best to our knowledge, fs CARS studies in high pressure flames are very limited. This is 

partly due to the complexities of high-pressure combustion phenomenon as well as some nonlinear 

optical effects involved in high pressure environment. By setting up canonical combustion system 

in a well-controlled high pressure chamber, fs CARS measurement in a high pressure flame was 

made available by Stauffer et. al[115]. In their study, a Hencken burner was modified and installed 

inside a high-pressure facility, both CH4-Air and H2-Air flames were tested for pressures up to 10 

bar and N2 vibrational CARS was applied for thermometry measurement. Good thermometry 

accuracy and precision were obtained for adiabatic flame temperatures ranging from 1300-2300 K. 

They compared the CARS measurement both at short probe delay (200-300 fs) and at long probe 

delay (30ps) cases, it was found that for short probe delay the collisional effect could be neglected 

while accurate collisional linewidth modelling would be required for long probe delay scenario.  

No femtosecond CARS measurement has been done or at least been reported yet in any 

rocket combustor. However, there are some nanosecond CARS studies in a high pressure liquid 

rocket engine[116, 117] or in a pulsed combustion chamber[118, 119] and the typical pressure range 

is from 1-4 MPa and temperature range is from 1000K to 3000K. In those studies, gaseous species 

like H2, O2, CO2 and CH4 were frequently used other than N2 for CARS measurements because O2 

is used as the oxidizer. Challenges associated with those studies include the unstable flame 

condition. Especially for ns CARS system, the slow laser repetition rate made it hard to capture the 

time transient of high-pressure combustion process. The femtosecond CARS system, on the other 

hand, would allow much faster data acquisition. But other obstacles could arise for fs CARS 

measurements as well. For example, due to the much higher laser intensity in fs CARS system than 

ns CARS system, it is more likely to introduce nonlinear optical effects such as self-phase 



 

 

35 

modulation (SPM) when a femtosecond pulse transmits through high pressure gas medium. Besides, 

a high pressure combustion facility usually requires thick glass windows as optical access, the 

transmission of femtosecond pulse through those windows could also induce significant amount of 

frequency chirp and thus it will also need to be accounted for CARS modelling.   
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 THEORY OF CPP FS CARS 

3.1 Wave Equation Derivation of CARS 

The wave equation derivation of CARS in this section follows the framework by Eckbreth 

et. al [120-122].  

Based on Maxwell’s equations, the general wave equation that relates the laser electric field 

and the induced polarization is given as  
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Both the overall electric field and the induced polarization can be written as a function of a 

sum of different fields each with its own optical frequency 
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Substitute Eq.(2.2) and Eq.(2.3) into Eq.(2.1) and separate terms with same optical 

frequency we can have 
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Given that in an isotropic medium, like in most gas phase environment, the even order of 

nonlinear terms is zero because the energy potential is centrosymmetric. Including first and third 

order nonlinear response as higher order polarization is negligible, we can obtain that  
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The third order polarization can be expressed in terms of third order polarizability and the 

interactive electric fields as 
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The subscript i , j , k , l represent the Cartesian coordinate indices (denoting the direction 

of polarization) and 
0 , 1 , 

2  are the optical frequencies of the three electric fields. There are 

many conventions of putting electric field component in a certain sequence, in this study, we write 

the susceptibility in a way that the first optical frequency equals the summation of the rest of the 

three. For CARS process, specifically, we can write Eq.(2.7) as 

              3 3

3 0 3 0 1 2 0 1 2

*

i ijkl j k l

jkl

P ,r , , , E ,r E ,r E ,r             (2.8) 

Assuming parallel polarization for all three electric fields, the permutation symmetry and the 

isotropic property of the gas medium reduces the summation into a simple form as  

          3

3 0 0 1 2

*

CARSP ,r E ,r E ,r E ,r        (2.9) 

where 
CARS  is the CARS susceptibility and is an intrinsic property of the gas medium, it can be 

written in forms of a resonant and nonresonant contribution as  
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jK  denotes the transition strength and j  is the transition linewidth. j  is given as 

 0 1j j        where j  is the transition frequency. The resonant response is maximized 

when the laser frequency matches with the transition frequency ( 0j  ). The nonresonant 

contribution is also known as the degenerate four wave mixing process and has the same frequency 

as the resonant CARS signal. A typical energy level diagram of CARS process is shown in Figure 

3.1.  
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Figure 3.1 Typical energy level diagram for (a) CARS process and (b) nonresonant degenerate 

four wave mixing process 

The spatial dependence of the electric field can be expressed in terms of a travelling wave as  

     ik r

i iE ,r E e     (2.11) 

Substituting Eq.(2.9) and Eq.(2.11) into Eq.(2.6), and assuming the CARS signal is 

propagating through z direction, we can further show that  
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Assuming slowly varying amplitude of the CARS electric field over propagation, the second 

order derivative is negligible as compared to the first order derivative thus can be omitted. The 

integration of the CARS electric field over the z direction 
0

l

dz  can give the CARS intensity 

formula as 
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k  is the spatial phase mismatch and l  is the propagating distance where CARS intensity is 

accumulated. (when the propagating vectors for three electric fields are collinear, the spatial phase 

mismatch can be reduced to a scalar). Obviously, the growth of integrated CARS intensity will 

become negligible when kl  becomes nonzero. The CARS signal is thus generated and propagated 

in a certain direction which is dictated by the phase matching condition as  

 3 0 1 2k k k k     (2.14) 
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3.2 Modelling of CPP Fs CARS 

3.2.1 Governing Equations 

In CARS process, molecular polarization is introduced by the incident pump and Stokes 

pulses and then frequency-coupled to a probe laser. There are two types of molecular polarizations, 

the resonant polarization which is associated with the rovibrational transitions within the sample 

molecule, and the nonresonant polarization which is due to the instantaneous electronic contribution.  

Assuming linearly polarized pump and Stokes pulses at the same direction, the nonresonant 

and resonant molecular polarizations can be modelled in time domain as 

      *

nres pu StP t E t E t   (2.15) 
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   (2.16) 

where   is the relative resonant to nonresonant scaling parameters that will be determined in the 

spectral fitting routine to match with the experimental data. 
iN  is the difference of the Boltzmann 

population distribution between the upper and lower energy level within the molecular transition. 

 
i

d / d   is known as the Raman cross section and is calculated from the Raman tensor invariants. 

if  is the Herman-Wallis correction factor which accounts for the influence of centrifugal force on 

the intensity of spectral lines, Herman-Wallis correction factor is found to be more significant in 

small molecules like H2 other than molecules like N2 due to the stronger rovibrational coupling. In 

some conventions, the Boltzmann population distribution and the Herman-Wallis correction factor 

will be all incorporated in the Raman cross section calculations. i  and i  are the transition 

frequencies and transition linewidth respectively.   is a constant phase shift between the resonant 

and nonresonant polarization. The summation is over all molecular transitions for a certain 

molecule, when there are multiple species present in the probe volume and their transition 

frequencies are close, the summation of all possible contributions from those gas species will also 

be needed.  

The CARS electric field can be modeled as the product between the probe electric field and 

the molecular polarizations 

        CARS pr res nresE t E t P t P t      (2.17) 
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In Figure 3.2, we showed a time domain representation of the molecular polarizations. In 

time domain, 
nresP  is transient while 

resP  has a much longer dephasing time scale. Experimentally, 

the choice of probe pulse delay can affect the CARS signal by interacting the probe electric field 

with different part of the Raman coherence. In this thesis, since a chirped probe pulse with a probe 

pulse width of 3 ps is used, usually a minimum 3 ps probe time delay will be needed in order to 

suppress the nonresonant signal. In some studies, when a time asymmetric probe pulse is used[31], 

the necessary probe pulse delay can be reduced to fully get rid of the nonresonant interference.  

 

 

Figure 3.2 Time domain representation of the magnitude of the resonant, nonresonant and CARS 

polarization. 

Figure 3.3 shows a theoretical calculation of the resonant and nonresonant contribution of 

N2 CARS signal at room temperature and 2300 K. For higher temperature, as more rovibrational 

transitions are excited, the resonant signal decays faster. The relative magnitude of the resonant to 

nonresonant contribution of CARS intensity is thus much lower at high temperature. The 

modulation pattern of the CPP fs CARS spectrum is as a result of the alternating phase difference 

between the resonant and the nonresonant contributions. Besides, the recursive patterns of resonant 

Raman coherence can be observed near 15100 cm -1 and 15250 cm-1 are due to the first and second 

hot band transitions. Those temperature dependent features are essential in the CARS spectrum 

fitting to help determine the CARS thermometry. In the following sections, we will introduce the 

electric field characterization, the calculation for Raman transition frequency, strength, and 

linewidth in more details.  
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Figure 3.3 Simulated N2 CPP fs CARS signal and its resonant and nonresonant contributions at 

(a) 298 K and (b) 2300 K. The probe time delay is 0.5 ps.  

3.2.2 Characterization of Laser Electric Field  

In general, the time domain electric field expression for a given pulse can be given as: 

               0 0*1
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      (2.18) 

Written as Eq. (2.18), the electric field can be understood as having both positive and 

negative frequency component. When we consider for a four-wave mixing (FWM) process like 

CARS. All the possible nonlinear FWM signals can be written as following 
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After substituting the electric field expression in Eq. (2.19) into Eq. (2.18), we can further 

get 
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The expansion of Eq. (2.20) gives 8 terms in total, the over-count of the complex conjugate 

pairs reduces the total number to 4 and they are sorted as: 1). 
     
pu St prE E E
  
  ; 2). 

     
pu St prE E E
  
  ; 

3). 
     
pu St prE E E
  
  ; 4). 

     
pu St prE E E
  
   

For different specific laser setup, the above four FWM signals can be distinguished by 

frequency separation. For example, in our usual setup for N2 CARS experiment, pu =14830 cm-1, 

St =12500 cm-1, pr =12500 cm-1. 
     
pu St prE E E
  
   and 

     
pu St prE E E
  
   will result into the same 

signal frequency at 14830 cm-1 while 
     
pu St prE E E
  
   is associated with coherent Stokes Raman 
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scattering (CSRS) and      
pu St prE E E
  
   is related to sum frequency generation. To determine if both 

     
pu St prE E E
  
   and      

pu St prE E E
  
   will contribute to the experimental collected CARS signal we 

also need to check the phase matching condition.  

In Figure 3.4 we showed the positions of three laser pulses on the focusing lens and on the 

collimating lens. The locations of the two FWM signals      
pu St prE E E
  
   (CARS) and 

     
pu St prE E E
  
   (CARS*) were also denoted according to the phase matching calculation. It turns 

out we can spatially separate the major CARS signal generation from the      
pu St prE E E
  
   nonlinear 

signal. As a result, with the above laser configuration, we need to model CARS signal generation 

with complex electric field expression 
     
pu St prE E E
  
   in order not to include extra contributions.  

 

 

Figure 3.4 Positions of three laser beams and the CARS/CARS* signals on the focusing lens and 

on the collimating lens. The center frequencies of the three laser beams are pu =14830 cm-1, St

=12500 cm-1, pr =12500 cm-1. 

Similar analysis can be performed for our previous laser configuration where pu =12500 

cm-1, St =10170 cm-1, pr =12500 cm-1 . In this setting, the phase matching condition calculation 

indicates the spatial overlap of the two FWM signals. Thus, in this case, a complex electric field 

characterization will be needed for accurate CARS signal modelling. As a conclusion, the choices 

of complex/purely real electric field expression for CARS modelling will rely on the laser 
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frequencies as well as the phase matching conditions. In the context throughout this thesis, the 

electric field expression is denoted as complex form unless otherwise specified.   

 

 

Figure 3.5 Positions of three laser beams and the CARS/CARS* signals on the focusing lens and 

on the collimating lens. The center frequencies of the three laser beams are pu =12500 cm-1, St

=10170 cm-1, pr =12500 cm-1. 

3.2.3 Raman Frequency 

According to Born-Oppenheimer approximation, the internal energy modes of molecules 

can be expressed as a summation of separation terms 

 
int elec vib rot        (2.21) 

Most gas phase CARS diagnostic techniques involve only the vibrational and rotational 

transitions. To obtain the analytical expression of the vibrational and rotational energy levels, a 

derivation from Schrödinger’s wave equation (SWE) is usually needed. For a diatomic molecule, 

the solution of the angular part of the SWE leads to rotational energy level structure. 

    2 21 2rot eJ J / r       (2.22) 

J  is the rotational quantum number and can only be non-negative integer. er  denotes the 

internuclear spacing, when rigid rotor approximation is applied, it can be considered as a constant. 

However, when J  is large enough the rigid rotor approximation could fail because of the 

centrifugal stretching force. The rotational energy can thus be written as 
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The rotational constant vB  and vD  are vibrational level dependent due to the vibration-

rotation interactions. One of the key factors of solving SWE for vibrational energy levels is to find 

an appropriate potential energy function. When harmonic oscillator assumption is made the 

potential energy function can be written as  

    
21

2
eV r k r r    (2.24) 

Where k  is the force constant and 
er  denotes the equilibrium internuclear distance. Accordingly, 

the solution of the vibrational energy is quantized and can be written as  
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Figure 3.6 Vibrational potential energy function for a Morse potential and a quadratic potential 

respectively.  

v  is the vibrational quantum number and can only be non-negative integer. As is shown in 

Figure 3.6, the harmonic oscillator assumption is appropriate only at small v . A more general 

potential energy function is the Morse potential function 
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where eD  is the electronic dissociation energy and shouldn’t be confused with the rotational 

constant as described previously. e ec / D     is determined by eD  and vibrational constant 

e . Accordingly, the solution of the Morse energy potential gives the vibrational energy expression 

as 

  
2 3
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v v v v
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  (2.27) 

Mostly, the first and second order terms are enough to characterize the vibrational energy 

accurately. Higher order corrections can be added if necessary. The total ro-vibrational energy is 

denoted as 

      v vE ,J G v F J    (2.28) 

The selection rule for Raman-active transitions requires that for vibrational transition, v=1 , 

0J   (Q-branch transition). Or for pure rotational transition, v=0 , 2J    (S-branch) and 

v=0 , 2J    (O-branch). For example, the Q-branch transition frequency can thus be calculated 

as 

    1J E v ,J E v,J      (2.29) 

3.2.4 Raman Linewidth 

The determination of Raman linewidth i  (full width half maximum) usually requires the 

help of some semi-empirical models. Such models include the well-known modified energy gap 

law (MEG)[57] and energy-corrected fitting law (ECS)[62]. MEG law is a more advanced version 

of EGL law and it will be used for collisional linewidth modelling throughout this thesis.  

Unless otherwise specified, the Raman linewidth i  is this section only accounts for 

rotational collision contributions. This is a reasonable assumption for simple diatomic molecules 

like N2 and O2, in our future discussion of CO2 CARS, we shall see that the vibrational dephasing 

is no longer negligible and both the vibrational and rotational linewidth will need to be considered. 

The state-to-state rotational collision rate from rotational state i  to rotational state j  ( i j  ), 

according to MEG law, is given as 
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In Eq.(2.30), p  is the pressure, T  and 0T  are the real temperature and reference temperature 

respectively. iE  is the rotational energy of state i  and Bk  is the Boltzmann constant, ijE  is the 

energy difference between state i  and state j . The rest of the parameters are fitting parameters and 

are determined from experimental measurements. An example of the fitting parameters for N2 as 

summarized by Rahn et. al is listed in Table 3.1. 

Table 3.1 List of the fitting parameters in the MEG law and the corresponding values for N2. 

Parameter Value 

   0.0231 cm-1atm-1 

m   0.1487 

   1.21 

   1.67 

0T   295 

 

The downward collisional rate can be calculated based on microscopic reversibility at steady state 

  i
ji ij ij B

j
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     (2.31) 

Where ig  and jg  are the rotational degeneracies. The collisional line width i  can be given as (for 

Q-branch transition)   
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At moderately low number densities, Eq.(2.32) and Eq.(2.16) are accurate enough to 

characterize the collisional effects. At high number densities, collisional line mixing effects become 

important, the G-matrix approach[56] can be used to calculate the CARS spectra.  

 In frequency domain, CARS spectra can be expressed in G-matrix formulation as 

    1 TI c    d G P d   (2.33) 



 

 

47 

where c is a constant, d  is a vector denotes the Raman cross section, P  is a diagonal matrix where 

the diagonal elements representing the Boltzmann population difference between the initial and 

final rovibrational states.  G  includes the transition frequency and linewidth information as 

   i    
0

G I Ω Γ   (2.34) 

where I  is the identity matrix, 0Ω  is the diagonal matrix of transition frequencies and Γ  is the 

collisional relaxation matrix. With MEG law, the off diagonal matrix elements of Γ  are given 

according to Eq. (2.30) and Eq. (2.31), and the diagonal matrix elements are given according to Eq. 

(2.32). At moderately low number densities, the off diagonal elements of Γ  are negligible small 

and can be approximated to zero. The inverse Fourier transform of the diagonal matrix  1 
G  is 

straightforward, and can give a time domain expression of Raman susceptibility in a form of  
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   G   (2.35) 

The transition frequency and linewidth in Eq. (2.35) are consistent as in Eq. (2.16). For 

higher number densities, a full matrix inversion  1 
G  is required. Notice that if we can 

diagonalize  G , the inversion of the diagonal matrix will then become convenient. More 

importantly, the inverse Fourier transform of the diagonal matrix will give us an expression similar 

to Eq. (2.35). The following derivation of matrix operation follows the work by Koszykowski et. 

al.[56].  G  can be decomposed as 

     G I K  (2.36) 

 
0 i K Ω Γ  (2.37) 

The square matrix A  that can diagonalize G  can also diagonalize K  since that  I  is 

already a diagonal matrix. 

  1

K    Α G A I D  (2.38) 

KD  is the diagonal matrix that is composed of the eigenvalues k  of K . Accordingly, we can have 

the inverse of Eq.(2.38) as  

    
11 1 1

K 
     A G A I D D  (2.39) 

Substitute Eq.(2.39) into Eq.(2.33) we can have 
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        1 1 TI c       d A D A P d  (2.40) 

The inverse Fourier transform of  1 
D  can still be written in a way similar to Eq. (2.35) as 
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where the transition frequency 
0, j  and the collisional linewidth 

j  now are as a result of the 

collisional line mixing effects. And from Eq.(2.40) it is obvious that the transition strength is also 

modified because of the collisional line mixing effects. Eq. (2.40) can be written as a summation of 

each individual transition as 
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Where j jp iq  denote the complex intensity factor as can be determined from 

    1 T

j j j j
p iq      d A A P d  (2.43) 

 Eq. (2.42) can also be written as a Lorenzian and dispersive contribution of CARS intensity 

as 
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In Figure 3.7, we showed the simulated N2 ns CARS spectra with and without the correction 

of collisional line mixing. Obviously, the collisional line mixing effects become more significant 

at higher pressures. For most atmospheric pressure studies, the number density is low, and the well 

separated transitions assumption is reasonable.   
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Figure 3.7. Simulated room temperature N2 ns CARS spectra at 1, 5 and 15 bars. The first and 

second column show the cases without and with considering collisional line mixing effects 

separately. 

For fs CARS, the effects of collisional narrowing on the CARS spectra can become less 

significant than ns CARS because the shorter laser-matter interaction timescale.  

3.2.5 Raman Transition Strength 

According to Eq.(2.16), the Raman transition strength is determined by  N d / d f  . 

The population difference (relative population) can usually be calculated through Boltzmann 

population distribution.  

    i i B j j BN g exp / k T g exp / k T        (2.45) 

In general, ig  and 
jg  in Eq.(2.45) denote the overall degeneracy which include the nuclear, 

electronic, vibrational, rotational and translational degeneracies. Most of them can be cancelled 

when they are in the same state. For example, for CARS transition that within the same electronic 

level, Eq.(2.45) can be written as  

    vi vjni Ji i B nj Jj j BN g g g exp / k T g g g exp / k T        (2.46) 
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Where 
vg , 

ng  and 
Jg  are the vibrational, nuclear and rotational degeneracies respectively. For 

simple diatomic molecules v 1g  , 2 1Jg J  . The determination of nuclear degeneracy needs to 

consider the symmetric property of the particle wave function with respect to parity operation. 

For example, for diatomic molecules like N2, the ground electronic level 1

g

  is symmetric, the 

nuclear spin statistics weight (NSSW) give  

 
0 2 1g I    (2.47) 
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Where I  is the nuclear spin. For N2, 1I  , 
0 3g  . For O2, the ground electronic level 3

g

  is 

antisymmetric, thus 
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Similarly, the nuclear spin of O2 is 0I  , 0 1g  . Notice also the above discussion is valid only for 

diatomic molecules. For polyatomic molecules like CO2 and CH4, the calculation of rovibrational 

degeneracies are usually more complex, some literatures have discussed them in more details using 

group theory[123], an alternative option is to use some well-tabulated database[96]. 

Raman cross section for Q-branch transitions can be given as  

      
2 24

v 1
45

J ,Ja b



  

      
  (2.52) 

v  is the vibrational quantum number,  
2

a  and  
2

   are the isotropic and anisotropic invariants 

of the polarizability tensor and they can be found in literature[124]. J ,Jb  is the Placzek-Teller 

coefficient and is given as 
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Herman-Wallis (HW) correction factor is used to correct the Raman transition line strength as 

calculated from rigid rotor approximation. The HW factor used in this work is from Tipping and 

Bouanich’s work[125]. 

      
2 2

1 2 11 3 1 2 4 1f a / p / p J J         (2.54) 

1a  is the first Dunham coefficient that accounts for the anharmonicity of the internuclear potential, 

1p  and 
2p  are the coefficients of the isotropic polarizability expansion, and 2 e eB /   denotes 

the rovibrational coupling strength through dividing the rotational constant to the vibrational 

frequency. The influence of HW factors are generally more significant in small molecules because 

the much greater rotational constant. Marrocco has summarized the parameters in Eq. (2.54) for 

several diatomic molecules that are typical for CARS diagnostics[126]. 

3.3 Density Matrix Formulation 

3.3.1 Time-dependent Density Matrix Equations 

Time dependent density matrix equations (TDDM) are important in terms of revealing the 

fundamental physics for N2 fs CARS. The theoretical framework was based on the work by Lucht 

et. al [127]. The theoretical modelling of TDDM is further developed in this work from two aspects: 

(1) the numerical code has been modified to enable for parallelized computation and the numerical 

efficiency has been significantly improved; and (2) state to state population and coherence transfer 

have been enabled, and the rotational collisional rates are evaluated according to modified energy 

gap (MEG).  

The general structure of the nitrogen Q-branch model is depicted in Figure 3.8. In the 

development of the density matrix equations, energy levels will be designated using upper case 

letters, and quantum states will be designated using lower case letters. Levels G and E are specific 

rotational levels in the vibrational levels in the 1

gX   ground electronic level of N2; the lower case 

letters g and e will be used to designate Zeeman states in levels G and E, respectively. For Q-branch 

transitions, the rotational quantum numbers for levels G and E are equal G EJ J , and the 

vibrational quantum numbers are related by v v 1E G  . An effective (fictitious) electronic level 

with character is defined as the intermediate level for the Q-branch Raman transitions. 
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Figure 3.8. Schematic diagram of the energy level structure for the femtosecond CARS 

calculation of the Q(5) transition in the fundamental (1,0) Raman band of the nitrogen molecule. 

The time-dependent density matrix equations for the ground states g and excited state e 

populations, and the coherence between states g and e can be given as 
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   (2.57) 

In Eqs.(2.55), (2.56) and (2.57), 
eg  is the transition frequency between state e and g, and pumping 

terms such as emV  are used to model the laser matter interaction through the driving electric field.  

  ek ek
ˆˆV E r,t     (2.58) 

In Eq. (2.58) ek̂  is the dipole moment of the single photon coupling states e and k transition 

Relaxation terms like e e /
g g  denote the rotational relaxation rate from state g / e  to state 

g / e , while e /
g  is the total population transfer rate out of quantum state e/g. For gaseous N2, 

the rates of vibrational inelastic collisions and pure dephasing collisions are usually negligible as 



 

 

53 

compared to rotational inelastic collisions. The total population transfer rate out of state g is given 

by 

 g gg

g

     (2.59) 

The dephasing rate for the eg coherence is given by 

    
1 1

2 2
eg e g vib e g         (2.60) 

The downward state to state transition rate is given according to MEG law as consistent in Eq.(2.30) 

In Eqs.(2.55), Eq.(2.56) and Eq.(2.57), calculations of population elements in different 

rotational levels as well as the calculations of coherence elements in different Q branch transitions 

are correlated through rotational relaxations, for example, through terms like e e e e

e

  



 , 

g g g g

g

  



  and g g e g

g

  



 . Those terms will be of greater significance for high gas number density 

conditions and can be neglected for most of the atmospheric pressure calculations. Thus, for low 

gas number density conditions, Eq. (2.55) to Eq.(2.57) can be further reduced as 
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With extra information for the pump, Stokes and probe laser electric field characterization, a 

full set of density matrix equations can be constructed and solved through direct numerical 

integration (DNI). The time resolved resonant and non-resonant polarizations of the CARS signal 

are given by [127] 

      4res gk kg
ˆP t e t    (2.64) 

        *

nres NR pu St prP t E t E t E t   (2.65) 

In Eq. (2.64) density matrix element 
kg  denotes the Raman coherence between fictitious 

electronic state k and ground vibrational state g, 4ê  is the unit directional vector dictated by phase 
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matching condition. Non-resonant response is the instantaneous product between the pump, Stokes 

and prove electric fields, NR  denotes the non-resonant susceptibility and   is simply a scaling 

parameter. 

3.3.2 Numerical Aspects 

The numerical code was originally written in Fortran 90 (PGI compiler) and has recently been 

rewritten in Python 2.7. Thanks to some numerically efficient modules from Python packages such 

as numpy and scipy, the rewritten code has comparable numerical efficiency compared to the 

original code even without further parallelization. First, we consider fs CARS calculations for near-

atmospheric pressures where the population and coherence transfer among different rotational 

levels can be neglected. For this case, the calculations of density matrix elements among different 

Q-branch transitions are according to Eq.(2.61) to Eq.(2.63) and are independent of each other. 

Multiple Q-branch transitions can thus be assigned to one computational thread and a parallelized 

scheme can then be constructed in a way as shown in Figure 3.9.  

 

Figure 3.9. Numerical scheme for the parallelization. Thread communication is disabled, 24 Q-

branch transitions and 8 computational threads are considered. 

Load balancing strategies need to be considered when Q-branch transitions outnumber the 

available computational threads (which is usually the case). Also notice that for a specific transition 

with rotational quantum number J, the number of Zeeman states is 2J+1, and the corresponding 
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density matrix size is (2J+1)2. This implies that the computational cost scales with J, and 

correspondingly the CPU time is shown in Figure 3.10.  

 

 

Figure 3.10. CPU time for computing all the density matrix elements within a Q-branch transition 

as compared to the rotational quantum number J for that transition. CPU time for 60 rotational 

levels are compared. 

In general, the CPU time has an approximately quadratic dependence about the rotational 

quantum number. In such case, the problem can be generalized as following: Allocate a list of jobs 

{ 1Q ,
2Q ,…,

nQ  } into k computational threads to enable optimum load balancing. This is a k 

partitioning problem and it is NP hard [128]. One simple strategy is called the first-fit decreasing 

algorithm: 

1. Sort { 1Q ,
2Q ,…,

NQ  } in descending order in terms of load 

2. Distribute the first k jobs across the k subgroups  

3. Iterate over the remaining n-k tasks. Add each number into the subgroup that 

currently has the lowest sum. 

By doing this we minimize idle time when multiple computational threads are being called. 

The overall CPU time as compared to the number of threads being called is shown in Figure 3.11. 
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Figure 3.11. Computational time as compared to the number of threads being called in the 

parallelized code, 24 Q-branch transitions are included. 

The CPU time speeds up by a factor of 3 when 6 threads are being called. The improvement 

of numerical efficiency is obvious, further advancement is mainly limited by the physical number 

of computational cores available and by the computational time needed for high J level Q-branch 

transitions.  

  For high pressure simulations where collisional induced population and coherence transfer 

are no longer negligible, each Q-branch transition calculation can only be assigned to one computer 

thread so that thread communication shall be enabled. Because of nuclear spin statistics, only 

rotational levels with rotational quantum number differences of 2 4 6J , , ...      can have 

population and coherence transfer between each other. The numerical scheme for the parallelized 

code is shown in Figure 3.12. 
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Figure 3.12. Numerical scheme for the parallelization. Thread communication is enabled, 24 Q-

branch transitions and 8 computational threads are considered. 

3.3.3 Simulations Results 

In this simulation, N2 ns CARS spectrum is generated at room temperature and at 1 bar and 10 

bar pressures. To reduce the computational load while ensuring the accuracy, Q-branch transitions 

from Q(1) to Q(15) transition were included and a 0.02 cm-1 pump frequency detuning was set for 

every iteration. The simulated results are summarized in Figure 3.13 and Figure 3.14 respectively. 

At atmospheric pressure, when RET is not significant, there is no difference between the simulated 

CARS spectra with and without implementing the thread communication. At elevated pressure, the 

RET starts becoming important, the collisional narrowing effect is obvious when thread 

communication is enabled. The findings are consistent with our previous simulated ns CARS 

spectrum by using G-matrix method.     
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Figure 3.13 Simulated N2 ns CARS spectrum by assuming (a) no thread communication and (b) 

with thread communication in the TDDM code. The simulated condition is at 1 bar and 298 K.  

 

Figure 3.14 Simulated N2 ns CARS spectrum by assuming (a) no thread communication and (b) 

with thread communication in the TDDM code. The simulated condition is at 10 bar and 298 K.  
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In conclusion, the proposed numerical schemes will be applied to solve the TDDM equations 

as discussed in previous section. The physical insights provided by the TDDM calculations, both 

for efficient atmospheric pressure calculations and for high pressure simulations will benefit our 

future experimental studies. 
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 EXPERIMENTAL SYSTEM 

Schematic diagram of the experimental system is shown in Figure 4.1, this setup is specifically 

for N2 vibrational CARS. However, the tuning range of the optical parametric amplifier (OPA) is 

from 230 nm to 10 μm, only a few changes need to be made in terms of optical alignment to 

investigate rovibrational transitions for other species. The detailed descriptions of the experimental 

system are given in the following sections. 

 

 

Figure 4.1 Schematic diagram of the experimental system 

4.1 Laser System 

The process of the femtosecond pulse generation for the experiment is as shown in Figure 

4.2. 
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Figure 4.2 Overall process of the femtosecond pulse generation in the laser system. 

The seed femtosecond pulse is generated from a passively mode-locked Titanium:Sappire 

(Ti:S) oscillator (Coherent MantisTM) with a repetition rate of 80085 kHz. With the internal diode 

laser pumping, the Ti:Sapphire crystal itself will amplify in the frequency range from 680 nm to 

1100 nm. This broadband amplification will be restricted by the optics inside the oscillator. As a 

consequence, the spectral bandwidth of the Mantis output is around 68 nm and a typical Mantis 

output pulse spectrum is as shown in Figure 4.3. The output energy directly from Mantis is 6 nJ per 

pulse, this energy is too weak for OPA to operate normally and for gas phase CARS signal 

generation, thus a laser amplifier is added in the laser system. However, the bandwidth Mantis 

output pulse is still too much for the downstream amplifier, the spectral profile is also not like 

Gaussian or Lorentzian and they will be favored for optimal OPA performance. A pulse shaper is 

added in between the oscillator and the amplifier to tailor the spectral profile of the seed pulse.   



 

 

62 

 

Figure 4.3. Typical power spectrum of the Mantis output pulse. 

The 4-f pulse shaper (Femtojock, Biophotonic, Inc), depicted schematically in Figure 4.4, 

enables programmable amplitude and spectral phase modulation onto the input pulse. In general, 

different frequency components of the input pulse will first be spatially dispersed through a grating 

and then collimated by a focusing lens; as those frequency components fall into the spatial light 

modulation (SLM) units at corresponding locations, transmissivity and the index of the refractivity 

of the SLM unites can then be varied by controlling the voltages. The modulated light will then be 

re-collimated and combined by using a symmetric lens and grating setup. The use of the pulse 

shaper after the oscillator helps to remove the unwanted frequency components and ensures a 

transform-limited pulse into the main amplifier. Typical optical spectrum of the pulse shaper output 

is shown in Figure 4.5. Compared to the optical spectrum shown in Figure 4.3, the optical spectrum 

after the pulse shaper has a more Gaussian-like profile and the spectral bandwidth is significantly 

narrowed.   
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Figure 4.4. Schematic drawing of a typical 4-f pulse shaper, the drawing is from literature [129] 

 

 

Figure 4.5. Typical power spectrum of the 4-f pulse shaper output pulse. 

The femtosecond pulse is amplified from 6 nJ per pulse to about 2 mJ inside the laser 

amplifier (Legend Elite Duo, Coherent Inc). The femtosecond pulse amplification is achieved 

through chirped pulse amplification (CPA). I.e., the pulse is first being extensively frequency 

chirped in the stretcher. The implementation of CPA is critical for laser amplifier because different 

frequency components are amplified sequentially inside the gain medium and the amplified pulse 

remains below the crystal damage threshold. The chirped pulse then passes through the regenerative 

amplifier which is pumped by the 70 W Evolution pump laser. There are in general two 

amplification stages: a single pass amplifier (SPA) and a regenerative amplifier (RGA). Within the 

RGA, pockel cells and thin film polarizers are used to select and then amplify only 1/16000 out of 

the pulses through polarization control. This results in a 5 kHz laser repetition rate for the entire 
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laser system. Switching to a 10 kHz system is also possible by changing the pockel cell setting, 

however, the resulting pulse energy will be lower than the 5 kHz system and might affect the OPA 

performance. The amplified laser pulse is finally frequency recombined to form a near Fourier -

transform limited (FTL) femtosecond pulse in the compressor. A typical optical power spectrum of 

the 5kHz Legend output is shown in Figure 4.6. Comparing to the laser spectral profile right after 

the pulse shaper, the slight spectral broadening and shift are due to the intuitive gain medium 

properties.  

 

 

Figure 4.6. Typical power spectrum of the Legend output pulse. 

N2 vibrational CARS requires frequency detuning between the pump and Stokes pulses of 

about 2330 cm-1. This is far beyond the spectral bandwidth within the 800 nm Legend output and 

thus a second frequency generation process is required. In our experimental system, the generation 

of this second beam is realized by using optical parametric amplification (OPA, OperA-Solo, Light 

Conversion). The basic arrangement inside the OPA includes a pre-amplification stage and a 

second-amplification stage. In the pre-amplification stage, a small portion of the input 800 nm pulse 

is used to pump a sapphire plate to generate white-light continuum (WLC). A specific frequency 

range of the WLC is then interacted with the 800 nm pump pulse inside a nonlinear crystal and gets 

amplified in the pre-amplification stage (called the signal). The signal beam then gets further 

strengthen in the second amplification stage with most of the 800 nm pump pulse. Along with the 

signal beam being amplified, an idler beam is also generated in the second amplification stage 

which can also be used if needed. However, the frequency tuning range of this basic setting is 
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limited from 1140 nm to 1640 nm for the signal beam and from 1554 nm to 2660 nm for the idler 

beam. To extend the frequency tuning range, several extra crystals were installed to enable other 

nonlinear optical interactions such as second-harmonic generation of signal/idler (SHS/SHI), sum 

frequency generation between the signal/idler and the pump beam (SFS/SFI) etc. A list of the tuning 

configuration is shown in Table 4.1.  

 

Table 4.1 The wavelength tuning range of the corresponding laser power of the OPA 

Interaction Wavelength Range (nm) 

Low                High 

Typical Energy 

S 1140 1640 0.28 mJ @ 1300 nm 

I 1554 2660 0.19 mJ @ 1680 nm 

SHS 570 840 0.16 mJ @ 650 nm 

SHI 781 1180 0.1 mJ @ 840 nm 

SFS 470 533 0.2 mJ @ 500 nm 

SFI 528 600 0.2 mJ @ 570 nm 

FHS 285 402 40 μJ @ 330nm 

FHI 397 485 40 μJ @ 420 nm 

SH-SFS 235 266 40 μJ @ 250 nm 

SH-SFI 265 295 60 μJ @ 285 nm 

DFG1 2500 4900 24 μJ @ 3500 nm 

DFG2 3500 18000 20 μJ @ 5000 nm 

 

For most of the rovibrational CARS measurements performed in this work, SHS and SHI are 

the configurations that were used most often to obtain the frequency range of interest.  

The optimal performance of OPA requires a good spatial and temporal profile of the input 

800 nm pulse. Usually, a FTL input pulse can significantly increase the WLC generation efficiency 

as well as the pumping efficiency in the amplification stages because of the higher peak intensity. 

To ensure the Legend output pulse is as close to FTL as possible, a MIIPS (Multiphoton Intrapulse 

Interface Scan) system is set right after the Legend output to monitor the pulse spectral profile. The 

MIIPS system is also connected to the pulse shaper so that a feedback loop can be established, and 

spectral phase correction can be added to eliminate the unwanted frequency chirp.  

A brief introduction to the MIIPS system is given here. MIIPS is essentially based on the relation 

of nonlinear optical process and the spectral phase content. Among all possible nonlinear optical 

processes that could be applied in MIIPS, second harmonic generation (SHG) process is mostly 
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widely adopted. Because SHG can be obtained using a single beam geometry, the theoretical 

modeling for SHG-MIIPS can also get much simplified. 

Consider, an arbitrary electric field function in frequency domain as 

      j
E E e


 


    (3.1) 

Without the consideration of intermediate resonance, SHG signal intensity can be given as the 

electric filed convolution inside the pulse with frequency sum as  

          
2
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          (3.2) 

While the amplitude integration is somehow fixed once the input field is specified. The SHG 

signal intensity is dependent only on the spectral phase term. 

Obviously, the SHG signal has its maximum when the input pulses are transform-limited 

because it has least extent of oscillations.  

In more general consequence, we can write the spectral phase term in its form of Taylor 

expansions. 
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The odd spectral phase terms cancel out intuitively. Leaving only the even order phase affecting 

the general outcome of SHG. In order to obtain maximum SHG signal, now we introduce a 

compensating phase function f  to cancel out all the even order spectral phase components as well.  

    2 2 0( n ) ( n )f      (3.5) 

Practically, in most ultrafast optics studies where the quadratic phase term is of primary concern, 

we can reduce our zero-phase condition as 

     0f       (3.6) 

The form of compensating function f  can vary a lot, one basic criterion is to introduce as least 

parameters as necessary to characterize the phase. In many MIIPS studies, f  is given as sinusoidal 

function (though not necessary), so that we can have the following relation as 

    f cos       (3.7) 
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    2 cos        (3.8) 

 denotes maximum phase shift,   is the modulation period and   is a scanning parameter 

which is used to find the maximum SHG signal intensity. Maximum phase retardation  is always 

limited by the instrument, too large or too small value of  will all have side effect to MIIPS 

measurement (e.g. too large  value might cause steep phase modulation, while small   won’t be 

able to compensate large phase distortion.).  is given such that the periodic phase function should 

last at least one period across the spectral bandwidth of the pulse. The fact that the maximum 

allowable phase compensation should be larger or at least comparable to the actual phase distortion 

indicates that 
2

max,est   , alternatively spectral phase wrapping will be needed, which in some 

cases could lead to degradation of MIIPS accuracy[130]. From practical considerations to construct 

MIIPS trace, we can also write the reference phase function as 

  f f ,    (3.9) 

For each   within the spectral region of interest ,   is scanned from 0 to nπ , and the 

corresponding SHG signal is recorded. Accordingly, a two-dimensional (mapped on   and  ) 

MIIPS can then be constructed.  By looking for the maximum SHG signal in MIIPS trace, the local 

spectral phase can be  retrieved by performing double integration of   maxf ,   , the spectral 

phase  of the entire pulse could also be reconstructed thereafter. A quick simulation of the MIIPS 

process can be given in a following manner: first we construct a spectral phase function by 

randomly assigning weighting coefficient like the following expression.   

         1 1 1a sin a quadratic a cubic         (3.10) 

Then we scan a sinusoidal phase function like (3.7) with scanning parameter   across the full 

spectral region. In Figure 4.7, we display the simulated MIIPS trace with this scanning phase 

function, as a comparison, we simulated the MIIPS trace of ideally compressed pulse case (i.e. 

transform limited). 
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Figure 4.7 Simulated MIIPS trace (a) before and (b) after correcting the random phase 

4.2 High Pressure and High Temperature Gas Cell 

The high-pressure high temperature (HPHT) gas cell was designed to hold pressures up to 

1000 psia and temperatures up to 1000 K. The design concept is to be scalable and provide insights 

for the high-pressure rocket experiment. The schematic drawing of the gas cell and a zoom in view 

near the optical port are shown in Figure 4.8. 

 

 

Figure 4.8 Schematic drawing of the HPHT cell. 
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The HPHT cell can be generally sorted into three parts: an external radiant heater, the gas 

cell main body and the optical port for femtosecond laser access. The radiant heater is designed to 

encompass the gas cell main body and is in total 6’’ long. During operation, the cell is drawn to 

vacuum and filed to prescribed amount of gas mixtures using partial pressures. A radiant electrical 

heater (Thermcraft Inc. RH274) with feedback from a temperature regulator with PID control is 

used to heat the gas-cell to prescribed temperatures. An array of thermocouples is used to ensure 

uniform temperature distribution in the gas-cell and to verify the CARS measurements. The main 

cell body is built out of a single round-bar of Hast-X. 8XAS5202-02 ports are built to enable fuel, 

oxygen and inert gas injection and ventilation. The optical port uses a AS5202-16 ‘plug’ adapted 

for window installation, the sealing between the optical port to the cell body is made through metal 

O-ring. Finally, for the proper material for the windows access, it needs to be able to hold high 

pressure high temperature as designated in the experiment, besides, it needs to have small frequency 

dispersion and high transmission as possible at 800 nm. Thus, fused quartz is chosen, the windows 

are 1’’ diameter and 0.75’’ thick with a 0.5° wedge angle to prevent etalon effect. The sealing 

between the windows and the optical port is through grafoil gaskets. To enable easier switch 

between the HPHT cell experiment with the rocket chamber experiment, a flexible data acquisition 

system is also built that the gas cell and the rocket chamber can be mounted on a rail.  

4.3 Rocket Combustion Chamber 

In addition to the gas-cell, experiments are planned in a rocket combustion chamber operated 

at elevated pressures. The rocket combustion chamber is designed to provide optical access for fs-

CARS measurements at discrete axially distributed locations in the combustion chamber. The 

combustor is operated with methane or hydrogen as fuel and gaseous oxygen as the oxidizer. The 

reactants are introduced in the combustion chamber at ambient temperature using a shear co-axial 

injector. The flame is stabilized over the backward facing step of the combustor. A schematic 

representation of the rocket chamber as well as the injector are shown in Figure 4.9. The combustor 

will be operated at a range of mean chamber pressures for 1-10 MPa to allow quantification of the 

temperature field in the injector near field as well as near the exit nozzle using fs-CARS 



 

 

70 

measurements. Measurements in the gas-cell will be used to help guide the appropriate phase 

matching scheme and target species to be used for thermometry. 

 

 

Figure 4.9 Schematic drawing of the high pressure rocket combustion chamber for the fs CARS 

measurements. 

 

Table 4.2 High-pressure rocket combustor injector details for hydrogen-oxygen configuration 

Injection Geometry Values 

Ox-post diameter (in) 0.141 

Ox-post length (in) 2.303 

Fuel collar thickness (in) 0.035 

Fuel annulus gap (in) 0.017 

Exit throat diameter (in) 0.150 
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Table 4.3 Instrumentation details for gas cell and the high-pressure rocket combustor 

Measurement Instrumentation Range Accuracy 

LF Pressure GE Sensing  

UNIK50E6 

200-3000 psia 0.04% FSO 

HF Pressure Kulite  

WCT-312M-3000A 

500-3000 psia 

(2 MHz) 

0.1% FSO 

Temperature K-type thermocouple 

(GKMQIN-062G-

06) 

< 1523 K 2.2°C or 

0.75% 

 

4.4 CARS Signal Generation and Collection 

In this thesis, the CARS signal is generated by focusing the pump, Stokes, and probe laser 

beams through a 500 mm plano-convex lens. The phase matching condition is satisfied 

(
CARS pump Stokes probek k k k    ) with a folded BOXCARS geometry as shown in Figure 4.10. 

 

 

Figure 4.10 BOXCARS phase-matching geometry for typical N2 vibrational CARS setup.  

The probe volume can be calculated according to the laser beam diameter on the focusing 

lens the laser wavelength and the focal lens length according to Eq. (4.11). 

  24d M f / D    (3.11) 

where 2M  for a Gaussian beam is 1.5. For the 500 mm focusing lens, the 800 nm Stokes pulse 

diameter on the lens is about 11mm. This results in the probe volume width of about 70 μm. The 

length of the probe volume can be determined by scanning a thin film BBO crystal alongside the 

laser propagation direction. The resultant probe volume length is about 800 μm. Temporal overlap 
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is achieved first by finding the mixing signal inside a 100 μm thick BBO crystal at the probe volume 

and then optimized by observing the nonresonant signal in pure argon. A typical image of the 

nonlinear mixing signals is shown in Figure 4.11.  

 

 

Figure 4.11. Image of the mixing signals from the BBO crystal along with the pump, Stokes and 

probe beams. Spatial separation of the CARS signal generation is realized by phase matching 

conditions using BOX CARS geometry. 

Typical pulse energies for the pump, Stokes and probe beams at the probe volume were about 

80 μJ, 80 μJ, and 320 μJ respectively. Before the focusing lens, a thin film polarizer and a half-

wave plate is used for laser energy control especially at high pressure measurement where self-

phase modulation can become significant. Without extra chirping glass, the pump and Stokes pulses 

are close to FTL as inferred from the spectral fitting code. The probe beam is chirped extensively 

from 55 fs to approximately 3 ps though a 30 cm SF10 glass rod to map the Raman coherences into 

frequency domain for single shot measurements. The CARS signal is finally directly into 0.5 m, 

Czerny-Turner-type spectrometer and sent into an electron-multiplying charge-coupled device 

camera system (Andor IXon Ultra 888). The size of the detection pixel is 13 μm  and the dimension 

of the CCD array is 1024x1024, the camera uses cropped acquisition mode so that the image falls 

only onto the bottom 55 rows and this enables the camera to be synchronized at 5kHz with the laser 

repetition rate.  
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4.5 Processing of Experimental Data  

The CPP fs CARS spectrum needs to get interoperated through spectral fitting code to extract 

useful information like temperature, species concentration etc. The general procedures for the 

CARS data processing is shown in Figure 4.12.  

 

 

Figure 4.12. General procedures for CARS data processing 

4.5.1 Data Acquisition and Post-processing  

The data acquisition includes the recording of laser power spectrum (for pump, Stokes, and 

probe pulses respectively), the Neon lamp calibration spectrum and the original CPP fs CARS 

spectrum.  

The power spectrum of pump, Stokes and probe beams are recorded right before the probe 

volume by a fiber-optic-coupled spectrometer (USB-VIS-NIR, Ocean Optics Inc.). These optical 

spectra require spectral correction based on the quantum efficiency curve of the instrument. As 

shown in Figure 4.13, within the wavelength range for pump (620-690 nm), Stokes and probe (770-

825 nm) beams, the spectral correction is not significant as the spectrometer is optimized in this 

region. For high pressure CARS experiment, the laser power spectrum might need to be evaluated 

near the probe volume as the high-pressure gas or the glass windows can distort the spectral 

component of the input laser fields. The spectral profile of the pump pulse from OPA is closer to 

skew-Gaussian while the split of the 800 nm amplifier output (Stokes and probe) is more like 

Gaussian shaped. The typical spectral bandwidth (FWHM) for the pump, Stokes and probe beams 

are 450 cm-1, 300 cm-1 and 350 cm-1 respectively. The broader bandwidth of the probe beam than 
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the Stokes beam is possibly due to the accumulated self-phase modulation inside the SF-10 chirping 

glass rod.  

 

 

Figure 4.13. Recorded power spectrum before and after spectral correction for (a) pump (b) 

Stokes (c) probe beams. 

 

The neon lamp data is needed to perform the frequency to pixel mapping on the CCD camera 

as well as to compute the wavelength dependent instrument response function (IRF). A typical 

Neon lamp calibration spectrum near 675 nm is shown in Figure 4.14.  

 

 

Figure 4.14 Neon calibration lamp spectrum near 675 nm. The fitted atomic line positions (in 

wavelength) have been added. 
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The first step of Neon lamp calibration is to fit the measured Neon lamp lines to the known 

atomic transitions, the frequency to pixel mapping is then established by assuming linear 

interpolation. The bandwidth of each atomic line can also be measured (FWHM), and it can be 

modelled as wavelength dependent. Usually, IRF linewidth can be modelled as a polynomial 

function 

 2

IRF a b c         (3.12) 

where IRF  is the measured atomic line bandwidth, and a , b  and c  are the fitting coefficients. 

An example of the IRF linewidth polynomial fitting function is as shown in Figure 4.15. 

 

 

Figure 4.15 IRF linewidth as a function a frequency. The fitting curve is a quadratic polynomial 

function like Eq.(3.12) 

Assuming a Gaussian-shaped IRF profile, the IRF function can be given by 

       
2

exp 4ln 2 /c IRFIRF        
 

  (3.13)  

Physically, IRF is as an aftermath of the spectrometer resolution, camera pixel size and 

entrance slit size etc. For example, the ideal Neon atomic transition linewidth should be 

infinitesimally narrow, the measured linewidth is much greater because the spectral broadening 

caused by instrument limitations. Similarly, the measured CPP fs CARS spectrum will also 

experience the same IRF as it was retrieved from the Neon lamp measurement. For accurate spectral 

fitting of the experimental data to the theoretical calculation, we need to either spectrally convolve 
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the theoretically calculated CARS spectra with the IRF or deconvolve the experimentally measured 

spectra so as to compared with the theoretical calculation.  

      0S S IRF d 




      (3.14) 

In Eq. (3.14),  0S   is the theoretically calculated CARS signal and  S   is the CARS 

signal after IRF convolution. In general, the processed CPP fs CARS spectrum and the power 

spectrum for pump, Stokes and probe beams will be used in the next stage of spectral fitting 

4.5.2 Spectral Fitting 

The spectral fitting code for CPP fs CARS was first developed by Richardson et. al [41] and 

was later optimized by Dennis [131] and Thomas[132]. A summary is given here. There are two 

main stages for the CPP fs CARS spectral fitting. First, CPP fs CARS spectrum was acquired at a 

reference condition. For example, we used laminar flame over a near-adiabatic Hencken burner 

with a ‘known temperature’ for the calibration measurement. The calibration measurements were 

shot-averaged and was then analyzed to extract the corresponding laser parameter set (laser 

parameter code). The laser parameters are all in the phenomenological model which has been 

discussed in Chapter 3. For completeness, some essential equations are summarized here.  

      *

nres pu StP t E t E t  (3.15)  

          * cos exp
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        CARS pr res nresE t E t P t P t      (3.17) 

For each electric field function, the time domain characterization can be related to the 

frequency information as  

      i i tE t A e e d
   





    (3.18) 

where  A   is the spectral amplitude function, the spectral phase function can be approximated as 

polynomial as 

  



 

 

77 

   2 3

0 1 2 3a a a a ...          (3.19) 

The constant phase and linear phase do not affect the temporal envelope and can be 

neglected. For pump and Stokes pulses, only the quadratic phase needs to be included, while for 

the probe pulse, both quadratic and cubic phase need to be included. The coefficients for those 

phase terms are as the floating parameters in the laser parameter code. Other than those parameters, 

there are 6 other laser parameters, and they are summarized in Table 4.4. 

 

Table 4.4 Summary of floating parameters in the laser parameter code.  is the relative 

resonant/nonresonant phase as in Eq. (3.16). 
St  and pr  denote the Stokes delay and probe delay, 

x and y  are the horizontal and vertical shift, /  is the relative resonant to nonresonant 

scaling factor. 

Parameter Typical Floating Range 

3,probea  -15000 fs3~1000 fs3 

2,probea  -28000 fs2~20000 fs2 

2 ,pumpa  -2000 fs2~0 fs2 

2,Stokesa  -2000 fs2~0 fs2 

  0-360o 

st  -60 fs~60 fs 

probe  \ 

x  \ 

y  \ 

/   \ 

 

The mathematic algorithm used for the parameter optimization in the spectral fitting code is 

called ‘differential evolution’. It is a gradient descent technique that can converge to the global 

optimum solution [133]. A comparison between the experimental measured N2 CPP fs CARS 

spectrum with its theoretical fit is shown in Figure 4.16  
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Figure 4.16 N2 CPP fs CARS spectrum at various temperatures and their corresponding spectral 

fitting results. The probe delay is 1.2 ps, the residual between the experiment and the fitting result 

is displayed below. 

For the single shot fitting code, only the temperature and the temperature dependent 

resonant/nonresonant ratio will be floated, the rest of the parameters are kept the same as in the 

laser parameter code. However, the laser parameters can be slightly different when they are 

extracted from different calibration flame temperatures. A possible explanation of the variations of 

laser parameters retrieved at different temperatures is due to sef-phase modulation effects. For 

example, at atmospheric pressures, low temperature indicates high number density thus stronger 

SPM, the accumulated nonlinear phase can modulate the laser spectra and on the fitting parameters.  

    
2

i exp theoryS S d         (3.20) 

 
i

i i

T
T


   (3.21) 

One way to mitigate the uncertainty introduced by different laser parameter set is to first use a 

single set of laser parameter to fit the reference spectra recorded at several calibration temperatures, 

the corresponding fitting errors will then be compared and the best laser parameter set is the one 

that with minimum fitting error across the temperature region of interest. Another strategy is to use 

a weighted fitting scheme. I.e., as shown in Eq.(3.20) and Eq. (3.21), for a given CPP CARS 

spectrum with unknown temperature, it will be fit using several different laser parameter sets. The 
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final temperature can then be determined by weighting the different fitted temperatures, with the 

weights determined based on their corresponding fitting errors, the spectra with low fitting errors 

are weighted more heavily. Examples of using the error-weighted fitting scheme will be shown in 

the following section.  
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 FREQUENCY CHIRP EFFECTS ON CPP FS CARS 

For fs CARS measurement in high-pressure systems, frequency chirp can happen when laser 

pulses transmit through dispersive materials like thick glass windows. The purpose of this study is 

to exam the effects of frequency chirp both experimentally, by inserting disks of SF11 glass into 

the pump and Stokes beam paths, and theoretically by incorporating pulse chirp into our time-

dependent density matrix simulations (TDDM). Experimentally, we found that inducing moderate 

pump and Stokes chirp produced significant spectral narrowing of the nonresonant four wave 

mixing contribution to the CARS signal and allowed us to control the resonant excitation bandwidth 

to eliminate interferences from neighboring species. The temperature measurement accuracy and 

precision were essentially unchanged with respect to the unchirped pump and Stokes case.  The 

effect of moderate pump and Stokes chirp on the narrowing of the Raman excitation efficiency 

envelope was investigated by solving the full set of time dependent density matrix equations 

(TDDM) through direct numerical integration (DNS). And the numerical efficiency has been 

advanced by enabling parallel computation.  

5.1 Frequency Chirp Characterization  

In the TDDM calculation, the temporal characterization of the laser electric fields is required. 

However, it is more straightforward to include the effects of frequency chirp in the frequency 

domain because chirp affects only the spectral phase function. 

      0 2 2 3exp expE A i     
    (4.1) 

In Eq. (4.1), 0A
 denotes amplitude of the electric field function and   determines the 

spectral bandwidth of the pulse; for the spectral phase function, the zero order phase term is omitted 

because it is a constant for all frequency components; the linear phase term is not included because 

it can be addressed by relative pulse delay. For a Gaussian shaped pulse with inclusion of only 

quadratic spectral phase function (linear chirp), the temporal expression for the laser electric field 

can be given through inverse Fourier transform 

      
2

0 exp 2ln 2 expt j

t
E t A i t



  
    

   

  (4.2) 
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Similarly, 0

tA  is the electric field amplitude in time domain representation,   denotes the 

temporal pulse duration (full width at half maximum, FWHM) and j  is the instantaneous carrier 

frequency 

 
 ,0 2 24

j j

t
 

 
 


  (4.3) 

where ,0j  is the carrier frequency for the transform limited pulse. 

The ratio of the temporal duration of the chirped pulse to the temporal duration of the 

Fourier transform limited pulse is given as [41, 84] 
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  (4.4) 

For our CPP fs CARS experiments, the probe beam is chirped from approximately 55 fs to 

approximately 3 ps. Consequently, for accurate spectral phase characterization for the probe pulse, 

both quadratic and cubic terms must be included. For the pump and Stokes beams, the extent of the 

chirp is much less, and only the quadratic phase is required. Both the quadratic and cubic spectral 

phase information can be estimated from the dispersion properties and thicknesses of the glass 

materials through which the beams are transmitted. 

In practical high-pressure combustion studies, frequency chirp will be induced by a few 

centimeters of thick windows composed of materials such as fused quartz.  In this work, moderate 

frequency chirp was imposed on the pump and Stokes pulses by inserting 10-mm-thick disks of 

SF11 glass in the pump and Stokes beam paths. According to Sellmeier equation, frequency chirp 

parameter  , GDD and material property can be related as shown in Eq. (5.5).  

 
3 2

2 2
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d n
GDD L

c d




 

 
   

 
  (4.5) 

where L denotes the thickness of optical transmittance length,   is the central wavelength, c  

stands for speed of light  and n  is the wavelength dependent material refractive index. 

Correspondingly, this resulted in an overall GDD of about 2400 fs2 and 2000 fs2 for the pump and 

Stokes beams respectively. According to Eq. (4.4), the insertion of the SF11 glass stretched the 

pulse lengths of the Stokes and pump beams from approximately 55-60 fs to 120-150 fs. In Figure 

5.1, we showed the nonresonant CARS signal recorded at argon when different lengths of SF-11 
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glass rods were added into the pump and Stokes paths. The trend of nonresonant narrowing with 

increasing SF-11 rods length agrees well with the simulation where pump and Stokes electric fields 

were convoluted.  

 

 

Figure 5.1 Comparisons between the theoretical calculation and experimental results of 

nonresonant signal in Argon.  

5.2 Density Matrix Calculation of Raman Efficiency 

The excitation efficiency for various Q-branch transitions can be obtained by constructing 

and solving the full set of density matrix equations through direct numerical integration, and the 

result for chirped and FTL pulses are shown in Figure 5.2. For FTL pump and Stokes pulses, the 

Raman excitation efficiency is basically identical within each vibrational manifold. The differences 

of the efficiency among different vibrational levels is because the vibrational number dependence 

of the Raman cross section.  
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Figure 5.2. TDDM calculation of Raman excitation efficiency for FTL and chirped pump and 

Stokes pulses. The frequency difference between the pump and Stokes beams is set to 2280 cm-1 

to match the experiment, transform-limited pump and Stokes pulse durations are 55 fs and the 

chirped pulse duration is set to be 125 fs.  Nitrogen vibrational levels from v=0 to v=3 and 

rotational levels from J=0 to J=60 are included in the calculation. 

Alternatively, we defined the normalized Raman excitation efficiency by dividing the Raman 

cross section. 
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  (4.6) 

The vibrational Raman cross section exhibits a slight dependence on the rotational quantum 

number J through the Placzek-Teller coefficients, and is proportional to v+1, where v is the 

vibrational quantum number. The results of TDDM calculations of the normalized Raman 

excitation efficiency for chirped and FTL pulses are shown in Figure 5.3.  
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Figure 5.3. TDDM calculations of the normalized Raman excitation efficiency for FTL and 

chirped pump and Stokes pulses.  

 For the calculations shown in Figure 5.3, the difference between the central frequencies of 

the pump and Stokes beams was set to 2280 cm -1. For FTL pump and Stokes pulses, the convolved 

spectral bandwidth between pump and Stokes pulses is about 350 cm -1. This is greater than the 

frequency span of the ro-vibrational transitions for N2 (~100 cm-1), and therefore the Raman 

excitation efficiency is nearly the same for each Raman transition within the (v’, v’’) = (1,0), (2,1), 

and (3,2) vibrational manifold. For pump and Stokes pulses which are chirped from 55 fs to 125 fs, 

the effective convolved bandwidth between pump and Stokes pulses is approximately 140 cm-1.  

The decrease in the Raman excitation efficiency at Raman transition frequencies both higher and 

lower than the central pump-Stokes frequency difference of 2280 cm-1 is obvious.  

For the consideration of the CPP fs CARS spectral fitting, TDDM calculation for Raman 

excitation efficiency will become computational expensive because it needs to get updated every 

time the fitted spectral phase value changes. An alternative approach is to use the convolution 

product between pump and Stokes electric fields[81, 134] since the absolute value of the Raman 

excitation efficiency is less important in the spectral fitting module. As shown in Eq.(5.7), for given 

Q branch transition with transition frequency  , this pumping efficiency profile is proportional to 

the convolution product between the pump and Stokes electric field functions, as given by 

  
2

*( ) ( )EE p StE E d         (4.7) 
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 A comparison of the normalized Raman excitation efficiency obtained from spectral 

convolution and from TDDM calculation is shown in Figure 5.4. In general, the convolution product 

matches with the TDDM calculation, though the Raman excitation efficiency for the convolution 

calculation is slightly greater than for the TDDM calculation for transitions frequency   that are 

significantly different than the central pump-Stokes frequency difference of 2280 cm-1.  The shape 

of the Raman excitation efficiency profile must be incorporated into the physical modeling, 

especially at flame conditions where several vibrationally excited levels are populated.  

 

 

Figure 5.4. Comparison of the Raman excitation efficiency (normalized) obtained from TDDM 

calculation and spectral convolution. Both pump and Stokes pulses durations are chirped from 55 

fs to 125 fs. Nitrogen vibrational levels from v=0 to v=1 and rotational levels from J=0 to J=60 

are included in the calculation. The circle, square and triangle markers denote the normalized 

excitation efficiency for the fundamental band, first and second hot band respectively  

 

TDDM calculations of the N2 CPP fs CARS signal at three different temperatures are shown 

in Figure 5.5. for FTL and chirped pump pulses. The TDDM calculation of the nonresonant signal 

is also shown, the CPP fs CARS signal contains both resonant and nonresonant components. 
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Figure 5.5 TDDM calculation of CPP fs CARS signals for three different temperatures for FTL 

(top panel) and chirped pump and Stokes pulses (bottom panel). The pump, Stokes, and probe 

pulse parameters are the same as those used for the calculation of the Raman excitation efficiency 

curve in Figure 5.3. 

For moderately chirped pump and Stokes pulses, the nonresonant spectrum, as shown in 

TDDM calculation, is significantly narrowed. In particular, the nonresonant signal is minimized in 

the high-frequency portion of the spectrum which is more temperature-sensitive. For the chirped 

pulse case, the CPP fs CARS signal modulation near 15050 cm -1 is clearly evident, while this it is 

not apparent for FTL pulses. This signal modulation, which has a frequency width of approximately 

50 cm-1, is due to the heterodyning between the Raman coherences for the fundamental vibrational 

band (v"=0 →v'=1) and the hot bands (v"≥1→v'= v"+1). A signal modulation with a much narrower 

frequency bandwidth is also evident in all the spectra shown in Figure 5.5. For the unchirped case, 

the high-frequency signal modulation is due to the interference between the nonresonant 

background and the resonant CARS signal. In brief, our TDDM calculations indicate that moderate 

amount of frequency chirp can be beneficial for CPP fs CARS measurement, when we consider, 

for example, the potential of nonresonant suppression and consequently the improvement of 

temperature sensitivity. 
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5.3 Results and Discussions 

The temperature measurements precision and accuracy for the CPP fs CARS system with 

moderately chirped pump and Stokes beams were tested by performing single-shot measurements 

in near-adiabatic Hencken burner flames[9]. The temperature was determined from the single-shot 

spectra using the spectral fitting algorithm discussed earlier. Recently, we have also developed a 

parallel version of the phenomenological model, resulting in greatly enhanced numerical efficiency 

for the genetic algorithm fitting routine. The computational time was reduced by more than one 

order of magnitude by using 24 computational threads. Also, the accuracy of the physics 

incorporated in the phenomenological model was improved by incorporating the excitation 

efficiency profile for different Q branch transitions as shown in Figure 5.2, rather than assuming 

that all Raman transitions were excited with the same efficiency. 

An example of the laser parameters extracted from the spectral fitting code is summarized in   



 

 

88 

Table 5.1. The nominal spectral phase values are inferred from the material dispersion 

properties of the SF-10 glass and SF-11 glass. The relative pulse timing parameters are inferred 

from the fine adjustment of the translation stage by observing the nonresonant signal in pure argon.  

The quadratic spectral phase values for the pump and probe beams extracted from the fitting code 

are all slightly lower than the nominal values, while the fitted quadratic phase of Stokes pulse is 

slightly higher than predicted. This could be due to the uncertainty of determining the center 

frequency of the pulses, also, there could be extra frequency chirp due to all the routing optics. The 

cubic phase of probe pulse is very much different than the prediction, aside from the uncertainty in 

center frequency determination, we found that within the spectral bandwidth of the probe beam, the 

magnitude of cubic phase was much smaller than the quadratic phase, so the influence from cubic 

spectral phase is also less significant. The extracted pump and Stokes delay as well as probe delay 

are satisfactory when considering the minimum adjustable time step of the translation stage is about 

10 fs. The phase term denotes the relative temporal phase between the resonant and nonresonant 

response and will in general influence the modulation pattern of the CPP fs CARS signal.  
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Table 5.1 Fitted laser parameters from the fs CARS spectral fitting code. The experimental data 

was taken from Hencken burner flame with fuel/air equivalence ratio   = 0.5, 10 mm SF-11 glass 

was inserted into the optical path of pump and Stokes pulses. 

Laser Parameters Units Fitted Value Nominal Value 

pump  fs2 1125 1250 

Stokes  fs2 1399 959 

probe  fs2 23180 24969 

probe  fs3 9615 5463 

Stokes delay fs -3 0 

Probe delay ps 1.16 1.2 

Phase deg. 47 \ 

 

For moderately chirped pump and Stokes pulses, the fitted CPP fs CARS spectrum as 

compared to the experimental data is shown in Figure 5.7. The signal modulation near 15050 cm -1, 

as indicated in Figure 5.5, is consistent with our TDDM calculation. The fitted spectrum matches 

the experimental data satisfactorily. The high-frequency modulation for the fitted spectrum is 

observed to be slightly weaker than for the experimental spectrum. This is probably because our 

fitting code does not include a broadband resonant contribution from the pure rotational interaction.  

As shown in Figure 5.6, the two broad band 792 nm pulses (Stokes and probe) can effectively serve 

as pump and Stokes pulses to excite the pure rotational transitions of N2 [36]. This broadband pure 

rotational CARS signal will overlap spatially with the vibrational CARS signal at the CCD camera, 

and will interfere with the nonresonant background. The interference is probably responsible for 

the high-frequency modulation of the signal at frequencies higher than 15,000 cm -1.  While this is 

an interesting effect, it will not affect the accuracy of temperatures determined from the 

experimental spectra. We will incorporate this in both our TDDM calculations and in our 

phenomenological model for spectral fitting in the future.   
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Figure 5.6. Time-frequency plots showing the CARS interaction for moderately chirped pump 

and Stokes beams and an extensively chirped probe beam. The energy level diagrams show the 

vibrational and pure rotational Raman coherences that are simultaneously excited.  

 

 

Figure 5.7. Fitted CPP fs CARS spectrum as compared to the experimental data. 10 mm SF-11 

glass disks were inserted onto the optical paths for both pump and Stokes beams. The fuel-air 

equivalence ratio   = 0.5, 2000 consecutive single shot spectra were averaged. The spectral 

difference   between the fitted and the experimental data was displayed at the bottom. 
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As a comparison, the fitted CARS spectrum for unchirped pump & Stokes pulses is shown 

in Figure 5.8. Comparing to Figure 5.7, the effect of nonresonant narrowing as a result of frequency 

chirp is quite apparent. As is also implied in TDDM calculation, for unchirped pump and Stokes 

pulses case, the hot band beating is less evident because of the broadband interference between the 

resonant and the nonresonant signal.   

 

 

Figure 5.8. Fitted CPP fs CARS spectrum as compared to the experimental data. No extra 

chirping glass was added for pump and Stokes pulses. The fuel-air equivalence ratio   = 0.5, 

2000 consecutive single shot spectra were averaged. The spectral difference   between the fitted 

and the experimental data was displayed at the bottom. 

 

Accordingly, the fitted temperature histograms obtained from the updated fitting code for 

the chirped pump and Stokes system is shown in Figure 5.9. The fitting error is defined as the 

temperature difference between measured mean value and the adiabatic flame temperature, divided 

by the adiabatic flame temperature. The precision is defined as the standard deviation normalized 

by dividing by the mean temperature of the measurement. 

  . ./r mean ad adT T T    (4.8) 

 /r meanT    (4.9) 
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In Figure 5.7, one set of laser parameters was extracted from the 2000-shot-averaged Φ = 0.5 

spectrum. These laser parameters were then used to fit single-shot CPP fs CARS spectra from the 

Hencken burner operated at different equivalence ratios to obtain single-shot temperatures. For the 

cases with 10 mm SF11 chirping glass, the percentage error in the mean temperatures decreases as 

the equivalence ratio increases. The temperature measurements precision is slightly worse for the 

moderately chirped pump/Stokes case compare with the unchirped pump/Stokes case, despite the 

fact that in Figure 5.5 it appears that the moderately chirped pump/Stokes spectra exhibit more 

obvious temperature sensitivity. This temperature measurement precision of the unchirped 

pump/Stokes CPP fs CARS spectra is presumably enhanced by the higher signal strengths in the 

temperature sensitive region (signal frequencies above 14,900 cm -1) and because of the shot-to-shot 

stability of the nonresonant background. 
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Figure 5.9. Histograms of temperature determined from fits of 2000 single-laser-shot CPP fs 

CARS spectra using a single set of laser parameters.  The single set of laser parameters was 

determined from the averaged CPP fs CARS spectrum from a   = 0.5 flame. The adiabatic flame 

temperatures are 1182K, 1630K, 2008K, and 2295K for   = 0.3, 0.5, 0.7 and 0.9, respectively. 

(a) Unchirped pump/Stokes case. (b) Moderately chirped pump/Stokes case. For moderately 

chirped pump/Stokes case, 10-mm disks of SF11 glass were inserted in the pump, Stokes and 

probe beam paths.  For the probe beam, the majority of the frequency chirp is induced by the 300-

mm SF10 rod.  The 10-mm SF 11 glass disk is inserted in the probe beam path to ensure that the 

temporal overlap is the same for the two cases. 

Thomas et al.[42] recently reported a weighted fitting method to further improve the 

accuracy and precision for CPP fs CARS measurement. They used multiple laser parameters 

extracted from calibration flames at different equivalence ratios, as opposed to one equivalence 

ratio, to fit single-shot spectra. Based on the magnitude of the fitting errors, error weights were 

assigned to the fitted spectra in order to obtain a statistically weighted temperature. The weighted 

fit results for unchirped and chirped pump/Stokes beams are shown in Figure 5.10a and Figure 

5.10b, respectively. The accuracy of temperature measurement is improved significantly by 

adopting the weighted fitting scheme, especially, for the unchirped pump/Stokes case. Similar to 

the single laser parameter fitting results, with moderately chirped pump/Stokes, slightly better 
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precision is observed at lower temperatures than at higher temperatures compared to the no chirp 

case. In general, the fitted temperature precision and accuracy for the moderately chirped 

pump/Stokes case is comparable to or slightly better than the unchirped pump/Stokes case. 

Consequently, despite our initial concerns, the transmission of the pump, Stokes, and probe beams 

through thick windows will not have any detrimental effects on temperature measurement precision 

and accuracy in high-pressure combustion systems 

 

 

Figure 5.10. Histograms of temperature determined from fits of 2000 single-laser-shot CPP fs 

CARS spectra using an error-weighted fitting scheme. (a) Unchirped pump/Stokes case. (b) 

Moderately chirped pump/Stokes case. 

Moderate chirp in the pump and Stokes beam can also help to suppress unwanted 

interference from species with neighboring Raman resonances. In recent temperature measurements 

in liquid-fueled flames[135], we encountered significant interferences in N2 CPP fs CARS spectra 

when the hydrocarbon concentrations were high.  These interferences resulted from the C-H stretch 

Raman resonances near 3000 cm-1.  To test the effectiveness of moderate pump/Stokes chirp for 

eliminating these interferences, measurements were performed for CH4-N2 mixtures in a static gas 
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cell. As shown in Figure 5.11, the narrowing of the Raman excitation efficiency envelope due to 

moderate pump/Stokes frequency chirp suppresses nearly completely the effects of the CH 4 

interference in the N2 spectrum. Notice that in the practical measurement local CH4 fraction can be 

much higher than 50%, inducing moderate chirp is thus an easy means of discriminating against 

interfering CARS signals from neighboring species without adversely affecting the excitation 

efficiency for the target species of interest. 

 

 

Figure 5.11. CPP fs CARS spectra for a mixture of 50% N2 and 50% CH4 by volume mixture at 

room temperature. The spectra for the unchirped pump/Stokes (0-0) and moderately chirped 

pump/Stokes cases are shown. The OPA is tuned to so that the pump-Stokes central frequency 

difference is 2300 cm-1. 

In this study, we investigated the effects of moderate frequency chirp for the pump and 

Stokes pulses on CPP fs CARS temperature measurements. The effects were investigated both 

theoretically, by computing the CPP fs CARS spectra by solution of the time-dependent density 

matrix equations, and experimentally by inserting disks of SF11 glass in the beam paths of th e 

CARS input beams. A major conclusion of the study is that transmission of the beams through thick 

glass windows will not significantly affect temperature measurement accuracy and precision. One 

major effect of moderate pump/Stokes chirp is that the spectrum of the nonresonant background 

narrows significantly, and the influence of the nonresonant background spectrum can be minimized 

in the temperature sensitive region of the spectrum. The envelope of Raman excitation efficiency 

also narrows due to moderate pump/Stokes chirp, and this effect must be incorporated in 

phenomenological models used to fit CPP fs CARS spectra. This narrowing of the Raman excitation 
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envelope may be used to advantage to minimize interferences in CARS spectra of target species 

due to CARS signals from neighboring species. 
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 SELF-PHASE MODULATION (SPM) EFFECTS ON CPP 

FS CARS 

The effects of self-phase modulation (SPM) on the power spectra of fs pulses and the 

consequent impact on N2 chirped-probe-pulse (CPP) fs coherent anti-Stokes Raman scattering 

(CARS) spectra are discussed. We investigated the pressure dependence of CPP fs CARS for N2 in 

a room-temperature gas cell at pressures ranging from 1 to 10 bar, and in our initial experiments 

the spectrum changed drastically as the pressure increased. We found that the spectra of the near-

Fourier-transform-limited, 60-fs pump and Stokes pulses at the exit of the gas cell changed 

drastically as the pressure increased due to self-phase-modulation (SPM). We examined this effect 

in detail in further experiments where the pulse energies of the pump and Stokes pulses were 

controlled using a combination of a half-wave plate and a linear polarizer. Along with the generated 

CARS spectrum, the spectra of pump and Stokes pulses were measured at the entrance and exit of 

the gas cell. The extent of SPM effects for a particular spectrum was characterized by the least 

squares difference between that spectrum and a spectrum recorded at low enough pressure and laser 

intensities that SPM was negligible. SPM effects were investigated for N2, O2, CO2, and CH4, for 

pressures ranging from 1 to 10 bar, and for pump and Stokes pulse energies ranging from 10 to 60 

μJ. We found that SPM effects in N2 were much weaker than for O2, CO2 and CH4.  

6.1 Theoretical Background of SPM 

Self-phase-modulation, also known as non-linear Kerr-like effect is a phenomenon in which 

an ultrashort pulse accumulates nonlinear phase as it propagates through a gas medium[85]. This 

nonlinear phase accumulation depends on the intensity profile of the laser pulse and the nonlinear 

refractive index of the gas. In Nibbering’s study, the nonlinear refractive index was measured for 

N2, O2 and Ar, in near atmospheric pressures (up to 1.6 bar), by recording the power spectrum of 

the transmitted pulses[88]. For diatomic molecules like N2, there are in general two contributions 

of the nonlinear phase, as shown in Eq. (6.2), the pure rotational contribution (
,NL rot ) and the 

electronic contribution (
,NL elec ) 

  

      , ,0 exp ,NLE t z E t i t z     (5.1) 



 

 

98 

   , ,,NL NL elec NL rott z      (5.2) 

The electronic part of the nonlinearity arises from the bound electrons of the molecule, and 

the magnitude follows the intensity profile of the electric filed 

  , 2, ,NL elec elecd n I t z dz    (5.3) 

The pure rotational Raman contribution is time-delayed and can be related to molecular 

properties through 

    , 2,
0

0

Im , expNL rot rot J J

J

d n F I t z i d dz    
 



 
    

 
    (5.4) 

In Eq. (5.4), 
2,rotn  describes the magnitude of the rotational nonlinear refractive index, 

JF  takes into 

account the relative magnitude of the different possible rotational transitions, and 
J  denotes the 

rotational transition frequency. The time development of the pure rotational polarization causes an 

effective delayed response of the nonlinearity in time domain. The delayed response causes the 

spectral components of the power spectrum to shift towards longer wavelengths whereas, the 

instantaneous response results in a homogeneous broadening of the optical spectrum. The pressure 

dependence of the nonlinear refractive index was measured by Börzsönyi et al. [136] for pressures 

up to 1 bar.  It was found that, for these pressures, the nonlinear refractive index was approximately 

proportional to pressure for several inert gases such as N2 and Ar. 

In Eq.(5.3) and Eq.(5.4) the nonlinear phases are written in their differential forms, the overall 

nonlinear phase accumulation needs its spatial integration over the optical path inside the gas cell. 

For collimated beam, this spatial integration will be straightforward as only the laser electric field 

characterization at 0z   is needed (i.e.,  0I t , ). As for our experiment, laser beams were focused 

at the probe volume in order to generate the fs CARS signal, the spatial integration will need to take 

into account the laser intensity profile variation along propagation (    
0

, ,
z

NL t z I t z dz    ). When 

the frequency dispersion inside the gas medium is negligible (as is in our case), the time and the 

spatial laser intensity characterization can be separated [92]. 

    
 

 
222

2

2 r / w zP
I t ,z f t e

w z

      (5.5) 

In Eq. (5.5),  f t  denotes the temporal envelope of the pulse and P  is the laser power,  w z  is 

the 21 / e  beam waist size, in the following discussion, we consider only on-axis laser intensity and 
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neglect the radial distribution. Assuming further for Gaussian-shape pulse, we can substitute 

Eq.(5.5) back to Eq. (5.3) and Eq.(5.4) and the spatial integral indicates that 

          22 20 0
0 0

22 1
, , arctan /

1

z z
R

NL R

R

PzP
t z I t z dz f t dz f t z z

w wz

z


 

    
 

  
 

    (5.6) 

where 
Rz  is the Rayleigh range and is usually in the magnitude of few millimeters. From Eq.(5.6) 

and Figure 6.1 we can also concludes that the accumulation of SPM is mostly around the probe 

volume, especially at high pressure conditions where SPM will be significant. At 1 bar pressure, 

however, the amount of nonlinear phase accumulated on glass windows is about 1/4 of the overall 

nonlinear phase generated.  

 

 

Figure 6.1. Accumulated nonlinear phase (normalized) as the pulse propagates through the gas 

cell (only halfway of the optical length is considered since the focusing geometry is symmetric at 

the probe volume). The red line at the end of the curve is because of the nonlinear phase 

accumulated on the cell windows. The simulation was evaluated at (a) 10 bar pressure and (b) 1 

bar pressure, the nonlinear refractive index information for fused silica windows was taken from 

literature [82]. 
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6.2 SPM on Laser Spectrum 

The SPM due to the glass windows was accounted for by measuring the pump and Stokes 

optical spectra before and after the gas cell that is at atmospheric pressure. SPM in pure N2 was 

evaluated by measuring the optical spectrum of the 800 nm Stokes pulse transmitted across the 

high-pressure cell with different cell pressures. Two laser energy settings were displayed for 

comparison, the recorded power spectrum was shown in Figure 6.2. For the low laser energy case 

(10 μJ per pulse), the recorded optical spectra are relatively unchanged throughout the pressure 

range being investigated. As expected, for the high laser energy case (60 μJ per pulse), the spectral 

components of the pulse tend to shift toward lower frequencies at higher pressures and the overall 

modulated spectrum is more asymmetric when the SPM is significant. We note that the presence of 

a second beam (for example, the presence of pump beam when measuring the SPM of Stokes beam) 

did not influence SPM induced in the first beam, which indicates the cross phase modulation is not 

a major concern in the context of this work. 

 

 

Figure 6.2. (a) Optical spectra of the Stokes pulse after the high pressure cell, recorded at various 

pressures with a) 60 μJ per pulse and (b) 10 μJ per pulse The peak intensity corresponding to the 

10 μJ pulse, at the probe volume, is estimated to be on the order of 1016 W/m2. 

Similarly, we measured the self-modulated optical spectrum in pure CO2, O2 and CH4. This 

study is of practical interest because for many high-pressure combustion applications, the local 

mole-fraction of those gaseous species, at the probe volume, can be comparable or even greater 

than N2. Also, we plan to investigate oxy-fuel flames, where we will need to measure these species. 

A brief summary is given here, O2 has both higher rotational and electronic contribution of 

nonlinear refractive index than N2, thus it exhibited similar but more obvious spectral modulation 
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as compared to N2. CO2 has a much stronger rotational Raman cross section than N2 and O2 [124], 

as a result, its spectral component shifts toward lower frequency more significantly at high pressures. 

Another interesting fact is that since CH4 does not have any rotational Raman transitions, the SPM 

is solely due to the electronic contribution of the nonlinear refractive index. As shown in Figure 

6.2b, the self-modulated optical spectra of CH4 exhibited only homogeneous broadening with 

negligible frequency shift. Thus, suppression of SPM is desirable, especially, when multiple 

gaseous species are expected at the probe volume. 

 

 

Figure 6.3. Self-modulated optical spectra in different gaseous species. The Stokes optical spectra 

was measured after the high pressure cell, laser energy was 40 μJ per pulse. Notice the large and 

negligible red-shift in the CO2 and CH4 spectra, respectively. 

6.3 Evaluation of the Extent of SPM 

To the best to our knowledge, nonlinear refractive index information for gaseous species like 

N2 at elevated pressures is not available in literature. We propose an alternative way to characterize 

SPM, as shown in Eq.(6.7), by calculating the least squares difference between the modulated 

spectral intensity  S   and spectral intensity  0S   recorded at low enough pressure and laser 

intensities that SPM was negligible. Both  S   and  0S   are normalized such that the peak 

spectral intensity value is 1.0. 
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2

0SPM S S d         (5.7) 

The results are shown in Figure 6.4, not surprisingly, N2 has least amount of SPM while CO2 

has strongest SPM effects for the gaseous species tested. For all the gaseous species being 

investigated, the SPM effects become increasingly significant at higher laser energies and high 

pressures. 

 

 

Figure 6.4. Evaluation of effect of SPM extent on the modulated optical spectra for different 

gaseous species 

The time domain electric filed function  ,0E t  can be obtained from the inverse Fourier 

transform of  ,0S   if the spectral phase is specified. According to Eq.(5.1), we can even 

simulate the post cell optical spectrum  ,S L  if the nonlinear phase  ,NL t L  was also known in 

prior. Vice versa, we can actually determine  ,NL t L  from the experimentally measured spectra 

 ,S L  and  ,0S  .  
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In practice, we allowed 
2,elecn , 

2,rotn  and the quadratic spectral phase to be varied to obtain the 

best theoretical fit to the SPM spectrum  ,S L  based on the pre-cell, unmodulated power 

spectrum  ,0S  . The linear and cubic spectral phase were not included since the former only 

corresponds to a temporal shift and the latter is negligible for pump and Stokes beams. A spatially 

averaged laser intensity of about 152 3 10.   W/m2 was used in the simulation according to analyses 

shown in Eq.(5.3) to Eq.(5.6). A summary of the fitting results is as shown in Figure 6.5, the fitted 

power spectrum matches satisfactorily with the experimental data. The magnitude of 2,elecn  and 

2,rotn  obtained from the Stokes pulse spectral fitting at different pressures were normalized to the 

fitted nonlinear refractive index obtained at 2 bar and were as shown in Figure 6.6. 

 

 

Figure 6.5. Fitted optical power spectrum through SPM simulation as compared to the 

experimental measurement. (a) For pump pulse. (b) For Stokes pulse. 

 

Figure 6.6. Normalized electronic (a) and rotational (b) contribution of the nonlinear refractive 

index as determined from the SPM spectral fitting. Linear correlation was found between the 

magnitude of nonlinear refractive index and the pressure. Stokes pulse energy was 60 μJ.  
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6.4 SPM on CPP Fs CARS Spectrum  

As shown in Figure 6.7, for high laser energy settings (60 μJ per pulse), the CARS spectrum 

variation is much more evident than for the low energy case (10 μJ per pulse). Spectral distortion 

of the nonresonant signal, is evident, near 14600 cm-1 to 14800 cm-1 at 10 bar pressure, as can be 

correlated with the SPM pattern of N2 as shown in Figure 6.2. One can observe slight spectral 

modulation of the CARS signal for the 10 μJ per pulse energy case. This may be attributed to the 

wavelength dependence of the linear refractive index of N2. According to Lorenz-Lorenz equation, 

the linear refractive index difference of N2 at 675 nm and 800 nm can be approximated to scale 

linearly from 1 to 10 bar [137] (higher refractive index at 675 nm). The optical path length of the 

pump and Stokes pulses inside the high pressure cell is about 370 mm, which leads to Stokes pulse 

being delayed by as much as 10 fs, relative to the pump beam, as the pressure was increased from 

1 to 10 bar. 

 

 

Figure 6.7. (a) Experimental CPP fs CARS spectra with high laser energy setting (pump and 

Stokes both with 60 μJ per pulse energy), spatial averaged peak intensity near probe volume is 

about 5x1017 W/m2 (b) Low laser energy setting (10 μJ per pulse energy), peak intensity near 

probe volume is about 9x1016 W/m2 

To better identify the effects of SPM on pump and Stokes pulses, and on the CPP fs CARS 

spectrum, we can vary the laser intensity of only one laser pulse while keeping another laser 

intensity unchanged. As shown in Figure 6.8, for high pressure, with high Stokes energy, the Stokes 
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pulse spectra will start ‘red shift’ as indicated in Figure 6.2, thus, the CPP fs CARS spectrum will 

shift towards ‘blue frequency’ as a consequence of pump and Stokes convolution.  

 

 

Figure 6.8 CPP fs CARS spectrum with 60 μJ per pulse energy pump energy and varying the 

Stokes pulse energy. (a) For atmospheric pressure and (b) for 10 bar pressure. 

Using the optical spectra of the pump and Stokes pulses recorded at 1 bar, we can fit the CPP 

fs CARS spectrum recorded at low laser energies. A comparison of the fitted CARS spectrum and 

the experimental spectrum taken at 10 bar at lower energy is shown in Figure 6.9. The embedded 

figure shows the change of the fitted Stokes time delay for pressure increasing from 1 to 10 bar. In 

general, the theoretical spectrum is in good agreement with the experimental spectra. The trend of 

the linear delay of Stokes beam, with increasing pressures, matches with the fitting code prediction. 

However, the fitting code exhibits a best fit of value for the Stokes delay of 20 fs from 1 to 10 bar 

rather than the 10 fs calculated from the dispersion of the refractive index. This may indicate 

residual SPM effects even for low laser energies.  
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Figure 6.9. Fitted CPP fs CARS spectra at 10 bar condition as compared to the experimental data 

when 10 μJ per pulse energy was used for both pump and Stokes pulses. The fitting residual was 

displayed below the CPP fs CARS spectra. Embed: Fitted value of the Stokes delay at various 

pressures, relative Stokes delay reduces from about 25 fs to about 5 fs from 1 to 10 bar pressure. 

In the spectral fitting routine, only phase angle, resonant scaling factor and relative pump and 

Stokes delay were allowed to vary while all the rest of the laser parameters were fixed the same as 

they were extracted at 1 bar pressure. 

Efforts were also made to fit the CPP fs CARS spectra for the high laser energy settings by 

using the optical spectra measured before or after the high-pressure cell. As shown in Figure 6.10a 

and Figure 6.10b, the fitting accuracy is much worse as compared to low energy case. This is 

because when SPM is significant, neither of the optical spectrum recorded before or the optical 

spectrum recorded after the test cell does not give satisfactory approximation of the pulse spectrum 

at the probe volume. For the pure N2 measurement condition, better fitting accuracy can be obtained 

by simulating the SPM inside the high pressure cell as was discussed in previous section and as it 

was shown in Figure 6.5. For example, once the overall nonlinear phase  ,NL t z  was determined, 

we would assume    , / 2 , / 2NL NLt z t z   at the probe volume, this was a reasonable assumption 

when we consider the symmetric focusing geometry, the corresponding power spectrum can then 

be interpolated from Figure 6.2. The CARS fitting results obtained from interpolated power 

spectrum are summarized in Figure 6.10c. The fitting accuracy is obviously better than the CARS 

fitting as shown in Figure 6.10a and Figure 6.10b.  
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Figure 6.10. With 60 μJ per pulse energy, fitted CPP fs CARS spectrum as compared to the 

experimental measurement at 10 bar. (a). Using the optical spectra recorded before the gas cell. 

(b) Using the optical spectra recorded after the gas cell. (c). Using the power spectra interpolated 

through SPM fitting. The laser parameters were kept the same for all three cases. 

6.5 Conclusions 

We have investigated the effects of SPM at high pressures and with varying laser energies, 

on the power spectrum of fs pulses employed in CARS measurements and on the CPP fs CARS 

spectrum. We found that with sufficiently high laser energy, SPM can become significant and result 

in modulation of CPP fs CARS spectra even at moderate pressures. We also measured SPM effects 

for several different gaseous species including CO2, O2 and CH4, it was found that N2 exhibits least 

amount of SPM while CO2 has strongest SPM among those molecules being studied. This indicates 

that SPM may affect CPP-fs-CARS spectra if there is significant CO2 in the probe volume, even at 

atmospheric pressure. Also, we conclude that it will be preferable to eliminate SPM effects by 

reducing the laser intensity rather than to try to incorporate it into the CARS modelling since its 

influence can be much more complex and even intractable especially when several gaseous species 
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are to be involved. This work is meaningful not only for the study of CPP fs CARS measurements 

but also for all the other ultrafast spectroscopic studies at high pressure conditions, especially when 

the laser beams need to be focused or if the optical path inside the high pressure chamber is 

significant. So far, our measurements were conducted in room temperatures and within moderately 

high pressures (1-10 bar).  In future work, we will extend our investigation of SPM to h igher 

pressures (up to 50 bar) and higher temperatures. As SPM depends on the number density other 

than absolute pressure of the gas medium, we would expect that high temperature measurement 

could be beneficial in terms of eliminating the SPM influence.  
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 CO2-O2 CPP FS CARS THERMOMETRY  

N2 is frequently used as target molecules for CARS measurements because of their relative 

abundance in combustion applications and because of their simple molecular structure. The CARS 

spectra of O2 and triatomic molecules such as CO2 are also important especially for oxy-fuel 

combustion studies [138-141] as well as in gasification processes [142]. The purpose of this study 

is to investigate the theoretical modelling and experimental applicability for CO2-O2 CARS for 

thermometry measurement.  

7.1 CO2 CPP Fs CARS Modelling 

A linear triatomic molecule like CO2 has three vibrational modes that are quantized by 

vibrational quantum number 
1  (symmetric stretch), 

2  (degenerate bending) and 
3  

(antisymmetric stretch). For the doubly degenerate bending mode 
2 , an extra angular momentum 

quantum number l  is needed to further specify the quantum state. For CO2, the unperturbed 

vibrational frequency 
1 22  . This gives rise to the Fermi-resonance effects in which the 

perturbed vibrational level energies are determined by the superposition of the wave functions of 

the two unperturbed modes. The 3  mode is not vibrationally Raman active since the first order 

derivative of the Raman polarizability along the vibrational axis is zero. 

Following the phenomenological model developed for N2 CPP fs CARS studies, the resonant 

polarization of CO2 fs CARS process can be modeled through [41] 

          * cos exp

t

res p St i i

i i

d
P t E t E t dt t t

d


  



    
         

   
   (6.1) 

where 
pE  and *

StE  denote the electric field amplitudes, i  is the transition frequency, and   is the 

time-independent phase difference between the resonant and nonresonant polarization. The 

parameter i  is the dephasing coefficient, which can be determined through the rotational 

collisional model as proposed by Lavorel et. al [97]. The Boltzmann population distribution is 

incorporated into the definition of Raman cross section according to convention of Tejeda et al.  

[101] as 
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The depolarization ratio for CO2 at 1388 cm-1 is 0.027, thus, we consider that Q branch transitions 

( 0J  ) are dominant in the CARS process [100]. To the best to our knowledge, the J-dependent 

Raman cross sections are not known with sufficient detail. Therefore, we assume identical Raman 

cross sections for Q-branch transitions within each vibrational manifold. This is a reasonable 

assumption in vibrational CARS studies because the frequency difference among Q branch 

transitions is small as compared to the laser bandwidth. The vibrational frequencies v  and v , and 

the vibrational and the rotational degeneracies 
vg  and 

Jg  can be found in the literature [96]. The 

transition dipole moments 
vJ v JM  

 for the different vibrational transitions were extracted from the 

tabulated data of Lemus et al. [99]. For CO2, with increasing temperatures, a large number of 

vibrational levels must be included.  

The effects of different PTDs on CO2-O2 CPP fs CARS can be understood by simulating 

the time evolution of the resonant polarizations of both species. Figure 7.1 compares the normalized 

amplitudes of the resonant polarization signals for CO2 and O2. The simulated resonant polarization 

signal of O2 decays much faster than for CO2 because of greater line spacing amongst Q branch 

transitions. This becomes even more obvious at higher temperatures where more ro-vibrational 

level populations are excited. The modulation pattern of CO2 polarization at room temperature 

occurs because of the heterodyning of the CO2 Fermi resonances. Also, as shown in Figure 7.1, the 

modulation pattern of CO2 resonant response varies strongly with temperature. This indicates the 

potential for accurate temperature measurements using CO2 CPP fs CARS. 
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Figure 7.1 Simulated resonant polarization signals for CO2 (black solid) and O2 (blue solid) at 

300K and 1200K. The modulation pattern in the resonant CO2 spectrum is due to heterodyning 

between the Raman active symmetric stretch mode 
1  and the bending mode 

22 . 

7.2 CO2 Concentration Measurement  

CPP fs CARS spectra were first obtained at room temperature with varying CO2/O2 

concentrations. The collisional time scale for CO2 vibrational transitions, at room temperature and 

1 bar, is on the order of few hundred picoseconds [17]. Therefore, the influence of collisions is 

negligible within the range of PTDs investigated in this work. Figure 7.2 shows a comparison 

between CPP fs CARS spectra for relative O2/CO2 concentration of 20%/80% (black solid) and 

70%/30% (blue solid), respectively, for two different PTDs. 

 

 

Figure 7.2 CO2-O2 CPP fs CARS spectra recorded at room temperature in O2/CO2 binary gas 

mixtures, for PTDs of (a) 0 ps, (b) 9 ps 
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For short PTDs, a change in the CO2/O2 concentration ratio significantly alters the 

interference pattern between CO2 and O2 spectra as well as the overall resonant/nonresonant 

interference pattern. This indicates that CO2/O2 CPP fs CARS, at a short PTD, is useful for CO2/O2 

concentration measurements. Similar studies were performed by Richardson et al. [40] to extract 

relative concentration between N2 and CO.  For a PTD of 9 ps, on the other hand the O2 interference 

is not evident for O2 concentrations ranging from 20% to 70%.   

Another interesting observation from Figure 7.2b is that at room temperature, the CO2 CPP 

fs CARS spectrum is frequency modulated. This frequency modulation is different from the 

resonant/nonresonant modulation in N2 CPP fs CARS studies because the nonresonant signal is 

suppressed by about 4-5 picoseconds of PTD. The frequency modulation in Figure 7.2b is related 

to the frequency difference of CO2 Fermi resonances. In Figure 7.3, the blue dash and red dash 

represent the simulated CPP fs CARS spectrum for contributions from 
1 and 

22  modes only, 

while the oscillatory black curve is the overall resonant signal. Thus, the overall resonant signal is 

a result of heterodyning between the two resonant responses. With increasing temperatures, the 

heterodyne pattern also changes because more vibrational transitions are excited.  

 

 

Figure 7.3. Simulated CO2 CPP fs CARS spectrum at room temperature. The PTD was set to 9 ps 

in this simulation so that the CARS signal is dominated by the resonant contribution.  

In previous CO/N2 mixture experiments performed by Richardson et. al, the concentration 

information was associated with the fitted resonant scaling parameters of CO and N2. Similarly, in 

this study, the spectral fitting results for the CO2-O2 CPP fs CARS spectrum are shown in Figure 

7.4. 
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Figure 7.4 Comparison between experiment and theoretical calculations of CO2-O2 CPP fs CARS 

spectra for CO2/O2 binary gas mixtures at room temperature. The spectra are shown for 

concentrations of (a) 30% O2, 70% CO2 (b) 70% O2, 30% CO2. The PTD was 0 ps. The residuals 

are shown below. 

Notice also for the previous discussion the measurement was performed for binary gaseous 

mixture of CO2 and O2 only. In practical combustion applications, there will be third party species 

such as H2O, N2, and CH4. These species will not contribute to the resonant signal as the transition 

frequencies of those gaseous species are far from the transition frequency of CO2. However, they 

will complicate the theoretical analysis for concentration measurements by affecting the overall 

nonresonant susceptibility. In general, for non-reacting binary gas mixtures the spectral fitting looks 

satisfactory.  

Here we showed a brief theoretical treatment, which relates the CO2 and O2 mole-fraction 

to a simple scaling factor. C . Assuming that the resonant and nonresonant polarizations for each 

species scales linearly with its mole fraction (
res ,i iP X , nonres ,i iP X ), we can write the resonant 

scaling factors 
2CO  and 

2O  as 
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The ratio of the resonant scaling parameters between CO2 and O2 is a function of CO2 and 

O2 concentrations. In the case of a CO2-O2 binary mixture, we can further simplify Eq. (5) as 

 
2

2

2

1

1

O
CO

O

X

C






 

  (6.6) 

The resonant scaling parameters 
2CO  and 

2O  can be obtained from the spectral fitting code. 

The relation between 
2 2CO O/   and 

2OX  is presented in Figure 7.5. The fitting curve is based on the 

relation shown in Eq.(6) while the only floating parameter is the species specific constant 

2 2O COC /  . The difference between the experimentally measured O2 concentration and the 

theoretical calculation is in general less than ±10% (mostly within ±5%).  Note also that the scaling 

parameter C  will change as a function of temperature. 

 

Figure 7.5 O2 concentration as a function of the ratio of resonant scaling parameters between CO2 

and O2. The fitted curve is based on Eq. (6), the residual is shown below 

Efforts were made to investigate the capability of relative CO2/O2 concentration 

measurement when a third-party species is involved. The master equation is modified according to 

Eq. (6.5) as  

 2 2

2 2
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O O
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where 
1p  and 

0p  are the linear and zero order polynomial fitting coefficient. The experimental 

measurements were like the binary CO2-O2 gas case except N2 was used as the buffer gas. Notice 

in Eq. (6.7), there is a fitting uncertainty regarding to the measurement uncertainty in 
2OX  and 

2COX  

especially when the values are small. More precisely, the concentration measurement uncertainty 

comes from the volumetric flow rate measurement as 

 2
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O CO
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 (6.8) 
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where V  and   denote the volumetric flow rate and the magnitude of uncertainty respectively. 

The flow rate uncertainty can be determined by experimental measurements and by accounting for 

the instrument function. According to the rule of propagation of uncertainty, the overall fitting 

uncertainty is specified as 
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 (6.10) 

The fitting uncertainty was then used as weights in the fitting routine to reduce the bias. 

Accordingly, the relative fitted CO2/O2 concentration as compared to the experimental 

measurement was shown in Figure 7.6. Obviously, with the uncertainty-weighted fitting, the 

agreement between the experiment to the fitting curve is better for most of the data points. While 

the unweighted fitting has much larger error especially when CO2 concentration is low  
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Figure 7.6 Relative O2\CO2 concentration as a function of the ratio of resonant scaling parameters 

between CO2 and O2. The fitting results from uncertainty-weighted fitting and unweighted fitting 

were both displayed. 

7.3 Hencken Burner Flame Thermometry 

Near-adiabatic hydrogen-air non-premixed flames, diluted with CO2, were established using 

a Hencken burner. The flow rate of CO2 diluent was fixed at 30% of the volumetric flow rate of air 

and the equivalence ratio   was varied between 0.14 and 0.58. Assuming complete combustion, 

the CO2 mole fractions in the combustion product were approximately 30% for all the flames 

investigated while the O2 mole fraction decreased from 14% to 7% with increasing equivalence 

ratios. As discussed previously, the O2 interference can be eliminated from the CO2 CPP fs CARS 

spectrum with sufficiently long PTDs. The CO2 CPP fs CARS measurements are compared against 

N2 CPP fs CARS measurements for identical flame conditions. For the CO2 CPP fs CARS 

measurements, we used PTDs ranging from 1.0 ps to 7.2 ps. For the N2 CPP fs CARS measurements, 

a PTD near 1 ps was chosen since the N2 CARS signal intensity decreased too much for longer 

PTDs. A comparison of the CO2-O2 CPP fs CARS spectra obtained at 630 K, 795 K and 1274 K 

for PTDs of 1.0 ps and 7.2 ps is shown in Figure 7.7. For the short PTD case (Figure 7.7a), 

satisfactory spectral fitting requires the inclusion of both CO2 and O2 resonant responses as well as 

the nonresonant background. However, for the 7.2 ps PTD case, only the resonant response of CO2 

is needed for reasonable spectral fitting. Thus, CO2 thermometry will be uniquely advantageous in 
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flames with a large and unsteady non-resonant contribution such as in turbulent spray or sooty 

flames [143]. 

 

 

Figure 7.7 The comparison between the experimental (black solid) and theoretical calculation of 

the CO2/O2 CPP fs CARS spectrum obtained at several different flame conditions and PTD 

settings. The experimental data were all averaged over 2000 shots of measurements. (a), (b), (c): 

1 0CPP .   ps, 
adbT   630 K, 795K, 1274K; (d), (e), (f): 7 2CPP .   ps, 

adbT   630 K, 795K, 1274K. 
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Figure 7.8. Sorted fitted laser parameters from the CO2 CPP fs CARS measurements with PTD of 

about 7 ps. For each laser parameter, its value is compared among the spectral fitting results 

obtained from different flame conditions. 

Figure 7.8 compares key laser parameters at various temperatures at a PTD of 7ps. Laser 

parameters such as quadratic phase of probe pulse and, PTD are quite consistent because those 

parameters are directly determined by the convolution between the probe electric field and the CO2 

resonant polarization response. While the fitted laser parameter such as Stokes delay and 

pump/Stokes quadratic phase varies significantly. This indicates that CO2 CPP fs CARS signal, at 

long PTDs as compared to short PTDs, is less susceptible to variation in the Stokes delay. This is 

explained by the fact that the convoluted bandwidth between the pump and Stokes pulses (~400 

cm-1) is much greater than the frequency span of the CO2 ro-vibrational transitions. Furthermore, 

since the nonresonant signal is suppressed at long PTDs, an uncertainty in Stokes delay does not 

affect the resonant-nonresonant modulation pattern. The aforementioned explanation can also be 

verified through Figure 7.9 which, shows the recorded CPP fs CARS spectrum at a PTD of 8.4 ps 

with varying Stokes delay. 

We found that the detuning of Stokes delay over a moderate range affects only the absolute 

signal strength and does not affect the shape of the CPP fs CARS spectrum. Other laser parameters 

such as the quadratic spectral phase of pump and Stokes pulses, similar to the Stokes time delay, 

do not affect the shape of the CPP fs CARS signal within a moderate range of variability. This is 

explained by the fact that the convoluted bandwidth between the pump and Stokes pulses (~400 
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cm-1) is much greater than the frequency span of the CO2 ro-vibrational transitions. Furthermore, 

since the nonresonant signal is suppressed at long PTDs, an uncertainty in Stokes delay does not 

affect the resonant-nonresonant modulation pattern. Therefore, only 7 laser parameters are 

necessary to accurately fit the CO2 CPP fs CARS at long PTDs while 12 laser parameters are needed 

to fit the spectra for shorter PTD cases. The discussion about the influence of fitted laser parameters 

on the calculated N2 CPP fs CARS spectrum was reported elsewhere [41, 54].  This reduction of 

laser parameters for fitting CO2 spectra at longer PTDs improves the numerical efficiency and the 

accuracy of the CARS spectral fitting code. 

 

 

Figure 7.9 CO2 CPP fs CARS spectrum with different Stokes delays. The probe time delay was 

about 8.4 ps and the adiabatic flame temperature was about 840 K  

To investigate the use of the CO2 CPP fs CARS technique for temperature measurements, 

we compared CO2 CARS thermometry with N2 CPP fs CARS thermometry. Figure 7.10 and Figure 

7.11 show fits to the single-shot CO2 and N2 CPP fs CARS spectra, respectively. We first used the 

error-weighted fitting scheme to determine the flame temperature [42]. Briefly, each single-shot 

spectrum was fit using the laser parameters extracted from different calibration flames. The final 

temperature was determined based on the fitting errors from different laser parameters. 
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Figure 7.10 Comparison between the experiment and single shot fitting result for CO2 CPP fs 

CARS spectrum obtained at adiabatic flame temperature of about 795 K (left) and 1274 K (right). 

For all the flame measurements, the concentrations of CO2 and N2 in the combustion product 

were about 30% and 53% respectively, the probe time delay was about 7.2 ps. 

 

Figure 7.11. Comparison between the experiment and single shot fitting result for N2 CPP fs 

CARS spectrum obtained at adiabatic flame temperature of about 795K (left) and 1274 K (right). 

The probe time delay was about 1 ps 

Satisfactory single-shot spectral fits were obtained for both N2 and CO2 CPP fs CARS 

spectra. For the CO2 CPP fs CARS spectrum, the slight disagreement between the theory and 

experiment at the low frequency end is attributed to an imperfect instrument response function for 

frequency to pixel mapping. Notice, in Figure 7.11, that for a flame temperature around 1300 K, 

the N2 CPP fs CARS spectrum has a much better signal-to-noise ratio (SNR) as compared to the 

CO2 CPP fs CARS spectrum. This is due to the abundance of N2 in the combustion products and 

also because the nonresonant background contributes to the overall N2 CARS signal strength. A 

more detailed summary of the flame thermometry obtained from N2 CPP fs CARS and CO2 CPP fs 

CARS measurements is shown in Table 7.1. In terms of the differences between the fitted 

temperature as compared to the adiabatic flame temperature, both techniques demonstrate good 
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temperature measurement accuracy. For low temperature measurements (below 1200 K), the 

performance of CO2 thermometry is significantly better than N2 thermometry. At lower 

temperatures, the temperature measurement precision for N2 CPP fs CARS measurement is within 

4%, while for CO2 the measurement precision is close to 1% for temperatures below 1100 K. The 

precision of fs CARS CO2 thermometry is probably limited by the flame stability of the Hencken 

burner [9]. This finding is consistent with our previous discussions that because CO2 CPP fs CARS 

spectra with long PTDs are free of nonresonant interferences, and CO2 has lower rovibrational 

transition frequencies, it will exhibit better temperature sensitivity than N2 below 1000 K. The 

highest temperature in this study is limited by the degradation of SNR for CO2 CPP fs CARS. 

Table 7.1. Summary of the H2-Air-CO2 Hencken burner flame thermometry obtained from CO2 

and N2 CPP fs CARS measurement at the same flame conditions. The probe time delay for CO2 

CPP fs CARS measurement was about 7.2 ps and the probe time delay for N2 CPP fs CARS 

measurement was about 1.0 ps. 2000 single-shot measurements were summarized.  

Performance of CPP-fs-CARS thermometry 

 N2 CO2 

Equiv.   
ad .T (K)  avg ad . ad .T T / T   

avg/ T   avg ad . ad .T T / T  
avg/ T  

0.14 630 -3.2% 2.8% 0.6% 1.1% 

0.22 795 -8.9% 3.8% -4.3% 1.2% 

0.30 949 4.1% 3.5% 1.5% 1.1% 

0.38 1093 6.8% 2.4% -0.6% 1.4% 

0.49 1274 -1.1% 1.6% -0.5% 2.9% 

0.58 1421 5.8% 1.6% -5.3% 4.9% 

 

For CO2 CPP fs CARS with long PTDs, the suppression of the nonresonant signals and O2 

interferences obviates the necessity to include laser parameters such as resonant/nonresonant 

scaling factors into the single shot fitting code. Furthermore, the consistency of the CO2 CPP fs 

CARS spectrum with variation in laser parameters such as Stokes delay, as shown in Figure 7.9, 

allows accurate CO2 CPP fs CARS thermometry with a single set of laser parameters. A comparison 

of flame thermometry performed using different sets of laser parameters is shown in Figure 7.12. 

As expected, between 295 K and 1420 K, the extracted temperatures determined using different 

sets of laser parameters are nearly identical. 
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Figure 7.12 CO2 CPP fs CARS thermometry obtained by using single set of laser parameters for 

spectral fitting. The laser parameters were obtained from different flame conditions with 

equivalence ratios of 0.14, 0.30 and 0.58 respectively 

7.4 Conclusion 

In this study, we have investigated the potential of CO2 CPP fs CARS for flame thermometry.  

A phenomenological model of CO2 CPP fs CARS was developed and was verified in various 

CO2/O2 mixtures as well as at different flame temperatures. Our model assumes that the CO2 Q-

branch Raman cross-section is independent of the rotational quantum number and only dependent 

on the specific vibrational mode. The aforementioned assumption was validated by the good 

spectral fits obtained for single-shot CO2/O2 spectra. We showed that at large PTDs one can 

suppress the O2 resonant interference and the nonresonant signal interferences in the CO2 spectrum. 

Therefore, the CO2 CPP fs CARS spectrum obtained at long PTDs is dominated by the resonant 

contribution of CO2. Comparison between flame thermometry obtained from CO2 and N2 CPP fs 

CARS measurements shows that CO2 is well-suited for temperature measurements below 1200 K. 

Another advantage of CO2 CPP fs CARS at long PTDs is that it enables accurate thermometry with 

only a single set of laser parameters. The consistency of the fitted flame temperatures with different 

sets of laser parameters indicate the accuracy of this technique for thermometry. The verification 

of the CO2 model at higher temperatures, the improvement of the detection sensitivity, applications 

of CO2 fs CARS thermometry to canonical flames and the extraction of CO2/O2 concentrations at 

flame conditions will be the focus of our future work. 
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 H2 CPP FS CARS THERMOMETRY  

We have shown CO2 as a promising candidate for CARS diagnostics for oxy-fuel combustion 

studies. The limitation, however, is the inability to perform temperature measurement above 1800 

K due to the lack of reliable CO2 Raman polarizability information. (So far in this thesis, the highest 

temperature with accurate CO2 CARS thermometry measurement is 1420 K.) Other common 

gaseous species that can be abundant in many oxy-fuel combustion applications include CH4, H2, 

and H2O etc. The purpose of this study is to investigate H2 for CPP fs CARS thermometry 

measurement so that we can have alternative options in high pressure combustion diagnostic studies.  

8.1 Modelling of H2 CPP Fs CARS 

The modelling of H2 CPP fs CARS is similar to N2 CPP fs CARS. For H2, due to the light 

molecular weight and much stronger rotational and vibrational coupling effects, the Herman-Wallis 

correction coefficient is more important than N2 in terms of accurate CPP fs CARS modelling.  

One of the most commonly used form of Herman-Wallis correction factor was proposed by 

James and Klemperer et. al[144] 

  21 3 1 / 2JKF J J    (7.1) 

parameter   denotes the rovibrational coupling and can be given as  

 2 /e eB   (7.2) 

where eB  and 
e  are the rotational and vibrational constant respectively. In Marrocco’s study[145], 

JKF  was compared with other forms of Herman-Wallis factors in affecting the flame thermometry 

accuracy. A summary of those Herman-Wallis factors is shown in   
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Table 8.1 and Figure 8.1. 
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Table 8.1 Summary of the Herman-Wallis correction factors for H2 

Expression Parameters for H2 Reference 

 21 3 1 / 2JKF J J      = 0.02765 James and 

Klemperer[144]  

   
2

2

11 3 1 1 / 4LBYF a J J       1 1.6a    Luthe et. al[146] 

   2

1 2 11 3 1 / 2 4 / 1TBF a p p J J        2 1/ 0.271p p   Tipping and 

Bouanich[125] 

 

 

 

Figure 8.1 Comparisons of different forms of Herman-Wallis correction factors.  

The differences among the three forms of Herman-Wallis correction factors are greater for 

higher rotational levels. In Marrocco’s studies [145], the extracted flame thermometry was 

compared across temperature range from 300K to 3000 K when different forms of Herman-Wallis 

factors were applied. It was found that 
TBF  agreed best with the calibration temperature so it will 

be used in this thesis.  

Another challenge for H2 CPP fs CARS modelling is its linewidth model. Because of its 

low molecular weight, the Doppler linewidth can become comparable to its collisional linewidth 

even near atmospheric pressures. H2 linewidth can be modelled as a summation of collisional 

linewidth and Doppler linewidth as[147]  

 
2

02 J
J J

D

c

 



    (7.3) 
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where 0.8314

0 0.01176D T  cm2-amagat/s is the diffusion coefficient for H2; J  is the transition 

frequency; c  is the speed of light;   is the gas number density in amagat and 
J  is the collisional 

linewidth as described in previous chapters. It should be mentioned here that as best to our 

knowledge, the accurate experimental validation of the collisional linewidth for H2 has only been 

reported up to Q(5) transition[148]. Thus in our treatment, for higher ro-vibrational transitions, the 

collisional linewidths are assumed to be identical to Q(5) transition.  

 One interesting aspect of H2 CARS is that its rotational transitions are very well separated. 

This is alike the scenario as in CO2 CARS studies where its Fermi-resonance can cause heterodyne 

beating. Thus, we can also use a relatively long probe delay for H2 CARS in order to suppress the 

nonresonant interferences. 

8.2 Hencken Burner Flame Measurement.  

Preliminary H2 CPP fs CARS studies have been performed for H2-Air flame over the Hencken 

burner with varying equivalence ratios from 1.0 to 2.0. Unfortunately, due to the low heat capacity 

of H2, the adiabatic flame temperature only ranges from 2092 K to 2380 K. The experimental 

measurements and the corresponding spectral fitting results are shown below 

 

 

Figure 8.2 Experimentally measured H2 CPP fs CARS spectrum as compared to its theoretical 

calculation from the spectral fitting code. The adiabatic flame temperature is 2379 K, the probe 

time delay is about 9 ps. 
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Figure 8.3 Experimentally measured H2 CPP fs CARS spectrum as compared to its theoretical 

calculation from the spectral fitting code. The adiabatic flame temperature is 2092 K, the probe 

time delay is about 9 ps. 

 

Figure 8.4 Experimentally measured H2 CPP fs CARS spectrum as compared to its theoretical 

calculation from the spectral fitting code. The adiabatic flame temperature is 295 K, the probe 

time delay is about 9 ps. 

The probe timed delay was set up 9 ps, thus the measured CPP fs CARS signals are only due 

to the resonant responses of H2. The agreement between the experiment and the theoretical 

calculation is overall satisfactory. The measurement at 2379 K adiabatic flame temperature matches 

best with the spectral fitting result. While the room temperature case the agreement is relatively 

poor. While it is possible that the mismatch between the theory and experiment originates from the 

modelling aspects. Another possibility is that the ultrafast pulse in H2 might also exhibit certain 

extent of SPM which is most significant at higher gas number densities (low temperature). 
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Meanwhile, the difference of the H2 CPP fs CARS spectrum remains small between the 2092 K and 

2379 K adiabatic flame temperature cases. To validate the accuracy and precision of H2 CPP fs 

CARS for thermometry measurement, the extension of temperature measurement range is desired.  

8.3 Conclusion 

Some preliminary H2 CPP fs CARS measurements have been performed over Hencken burner 

for the fuel-rich condition. The spectral fitting code that incorporates the Herman-Wallis correction 

factor and the H2 linewidth model was developed. The agreement between the experimental 

measurement and the theoretical calculation is satisfactory especially for the high temperature case. 

The current experiment is limited by the temperature range achievable through the H2-Air Hencken 

burner setup. The extension to lower temperature range measurement can be made available by 

using the high-pressure high temperature cell, and the higher temperature measurement can be made 

possible by using synthetic air or even pure O2 as the oxidizer. The development of H2 CPP fs 

CARS technique might provide options for our future rocket combustion diagnostic studies 

especially in the high temperature regime. 
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 HIGH-PRESSURE HIGH TEMPERATURE (HPHT) GAS 

CELL MEASUREMENT  

CPP fs CARS spectrum of CO2, and O2 have been performed in a high-pressure high-

temperature (HPHT) gas cell. The measurements are performed at temperatures below 1000 K and 

for pressure range from 1 to 25 bar. In this chapter, both the experimental measurement results and 

the spectral modelling aspects of high-pressure CARS spectra are presented.  

9.1 CO2 Linewidth Modelling at High Pressure 

In frequency domain, the spectral lines for CO2 Q-branch transitions within a vibrational 

manifold are tightly spaced. The average frequency spacing is in the order of 0.025 cm -1 whereas it 

is about 0.25 cm-1 for N2. The collisional line-mixing is still important for CO2 because the 

collisional energy transfer rate is almost twice that of N2. Besides, unlike many simple diatomic 

molecules like N2 and O2 where the vibrational dephasing rate can be neglected in a moderate 

pressure range, the inclusion of vibrational line broadening and line shifting is important for CO 2 

especially at high pressures. To better incorporate the collisional line-mixing effects and the 

vibrational dephasing effect, we can use G-matrix method as it is mentioned in Chapter 3.  

 
0J v J vi i        G Ι Ω Ι Ι  (7.4) 

0JΩ  and J  are the rotational frequency matrix and the rotational relaxation matrix as 

mentioned in Chapter 3. While 
v  and v  denote the vibrational linewidth and vibrational 

frequency shift respectively and they are number density dependent.  

First, we investigate the effects of collisional line mixing on frequency resolved CO2 CARS 

profile, the simulation results are shown in Figure 9.1 and Figure 9.2. At 0.05 atm, the differences 

remain small between the two simulation results. At 0.5 atm, the linewidth of the entire Q-branch 

transition is obviously by including the collisional line mixing effects than using the individual line 

approximation. From the relative strength of each Q-branch transition it can also be found that the 

rotational collisions have enabled the transitions in favor of lower wavenumbers.  
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Figure 9.1 Simulation of the 2
2  Q-branch of CO2 vibrational transition at 0.05 atm with (b) and 

without (a) the inclusion of collisional line mixing effects. The red lines denote the relative 

strength of each individual Q-branch transition. (Only the Lorenzian contribution is labeled, the 

dispersive contribution is not labeled but is included in the calculation.)  

 

Figure 9.2 Simulation of the 
22  Q-branch of CO2 vibrational transition at 0.5 atm with (b) and 

without (a) the inclusion of collisional line mixing effects. The red lines denote the relative 

strength of each individual Q-branch transition. (Only the Lorenzian contribution is labeled, the 

dispersive contribution is not labeled but is included in the calculation.) 

Same calculations are performed for higher pressures, as shown in Figure 9.3 and Figure 9.4 

we compare the results with and without the inclusion of vibrational dephasing. In this study, for 

22  transition, the vibrational dephasing coefficients are given as 
312.2 10v
    cm-1amagat-1, 

35.3 10v
   cm-1amagat-1[97]. The vibrational linewidth is already comparable to the linewidth 
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caused by rotational collisions at 5 atm. Meanwhile, it is evident that the rotational collisions will 

cause only few transitions dominant at higher pressures.  

 

 

Figure 9.3 Simulation of the 2
2  Q-branch of CO2 vibrational transition at 5 atm with (b) and 

without (a) the inclusion of vibrational broadening and line shifting.  

 

Figure 9.4 Simulation of the 
22  Q-branch of CO2 vibrational transition at 20 atm with (b) and 

without (a) the inclusion of vibrational broadening and line shifting.  

Similar studies can be performed for 1  band of CO2 Q-branch transitions. For 1  band of 

vibrational transition, the Q-branch rotational lines are even more tightly spaced (the average 

frequency spacing is about 0.0005 cm-1). For gas number density above 1 amagat, the linewidth of 

the 1  band is determined by vibrational dephasing. The vibrational dephasing coefficients are 

given as 
38.1 10v
    cm-1amagat-1, 

33.1 10v
   cm-1amagat-1[149].As shown in Figure 9.5, 
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at 20 atm, the simulated Q-branch linewidth for 
1  band is also narrower than 

22  band because 

the smaller vibrational broadening coefficient. 

 

Figure 9.5 Simulation of the 
1  Q-branch of CO2 vibrational transition at 20 atm with (b) and 

without (a) the inclusion of vibrational broadening and line shifting. 

For CO2 CPP fs CARS, the effects of collisional narrowing and vibrational dephasing are less 

significant because the laser-matter interaction timescale is relatively short. However, when long 

probe delay is used, as is the case for our experiment, the inclusion of the accurate linewidth model 

is necessary especially for high pressure conditions. The behavior of collisional narrowing of O 2 

CARS is very similar to N2 and is thus omitted here. The MEG law is used to model the collisional 

transfer rate and the coefficients are obtained from literature[150, 151]. 

9.2 Measurements in the HPHTC 

9.2.1 CO2 at Room Temperature and Elevated Pressures 

Our previous studies have shown that CO2 can cause more significant ultrashort pulse self-

phase modulation than gaseous species like N2, O2 and CH4. The most straightforward approach to 

mitigate SPM is by reducing the laser intensity; however, the tradeoff is the reduction of CARS 

signal intensity. To determine the optimal laser intensity for the high-pressure experiment, similar 

laser power spectrum measurements are performed for high pressure CO2 gas medium.  
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With 40 µJ of laser energy for both pump and Stokes pulses, we start observing SPM becoming 

obvious above 15 amagat gas number density. While the laser spectrum is recorded right after the 

HPHT cell, the real SPM at the probe volume could be exaggerated. For a sanity check, we record 

CO2 CPP fs CARS spectrum with this power setting, and they are shown in Figure 9.6 and Figure 

9.7. 

 

 

Figure 9.6 CO2 CPP fs CARS spectrum recorded from 1.28 amagat to 9.35 amagat (room 

temperature). The pump and the Stokes energies are both 40 µJ. 

 

Figure 9.7 CO2 CPP fs CARS spectrum recorded from 13.53 amagat to 23.29 amagat (room 

temperature). The pump and the Stokes energies are both 40 µJ. 
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As shown in Figure 9.6, with moderately high gas number density range, the spectral 

modulation of the CPP fs CARS spectrum is not as significant as it was shown in Figure 9.7. We 

find that the change of CARS spectrum is especially evident from 18.5 amagat to 23.29 amagat. 

From the CCD camera, the image mode data of the CO2 CPP fs CARS spectrum is shown in Figure 

9.8. For gas number densities above 13.53 amagat, the image mode CPP fs CARS signal start to 

get distorted and shift towards top pixels. For 23.29 amagat, a separate signal image is found 

generated below the main signal image. This indicates the spatial profile of the laser beam or the 

spatial overlapping among the pump, Stokes and probe beams has changed for high gas number 

density case. One possible explanation is due to the self-focusing of the ultrashort pulse in the high-

pressure gas medium. And the approach to reduce self-focusing is very similar to the way of 

mitigating SPM, i.e., by reducing the laser intensity further.  

 

 

Figure 9.8 CCD image of the CO2 CPP fs CARS signal at (a) 1.28 amagat, (b) 9.35 amagat, (c) 

13.53 amagat and (d) 23.29 amagat. The horizontal CCD pixel number denotes wavelength axis. 

For our experimental CPP fs CARS spectrum acquisition, a full binding of the vertical pixels is 

performed. The pump and the Stokes energies are both 40 µJ. 

In Figure 9.9 and Figure 9.10 we show the CPP fs CARS spectrum for 20 µJ pump and Stokes 

pulse energies. The spectral modulation as a factor of gas number density become less significant 

as compared to previous 40 µJ pump and Stokes energies. For 23.29 amagat, however, the distortion 

of the CPP fs CARS spectrum is still obvious.  
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Figure 9.9 CO2 CPP fs CARS spectrum recorded from 1.28 amagat to 9.35 amagat (room 

temperature). The pump and the Stokes energies are both 20 µJ. 

 

Figure 9.10 CO2 CPP fs CARS spectrum recorded from 13.53 amagat to 23.29 amagat (room 

temperature). The pump and the Stokes energies are both 20 µJ. 

Similarly, the CCD image of the CARS signal with this reduced laser energy settings is as 

shown in Figure 9.11. The elevation and distortion of the CPP fs CARS image is less obvious as 

compared to Figure 9.8. Though further reduction of the laser intensity is possible, this could reduce 

the signal intensity at lower gas number density. On the other hand, since the measurements shown 

above are all performed at room temperature, for higher temperatures, with gas number densities 
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below 20 amagat, the pressure range being investigated could be much higher than 20 bar. 

Alternatively, we could dynamically adjust the laser power during experiment. I.e., for low gas 

number densities where SPM and self-focusing is less significant, a higher laser power can be used 

to increase the CARS intensity, for high gas number density where CARS signal strength is 

sufficiently strong, a low laser power can be used.   

 

 

Figure 9.11 CCD image of the CO2 CPP fs CARS signal at (a) 1.28 amagat, (b) 9.35 amagat, (c) 

13.53 amagat and (d) 23.29 amagat. The horizontal CCD pixel number denotes wavelength axis. 

For our experimental CPP fs CARS spectrum acquisition, a full binding of the vertical pixels was 

performed. The pump and the Stokes energies were both 20 µJ. 

When the spatial overlap of the pump, Stokes and probe beams are unchanged during pressure 

variation, the CARS signal intensity scales quadratically with the gas number density (without 

saturating the transitions). As shown in Figure 9.12, for 40 µJ pump and Stokes energy case, the 

quadratic correlation between the CARS intensity and the gas number density is no longer true, the 

signal intensity even started to decrease from 18.5 amagat to 23.3 amagat. The depletion of the 

Raman transitions is less likely the cause because it could appear more obvious at lower gas number 

densities if it were. On the other hand, the quadratic relationship is found quite good for 20 µJ pump 

and Stokes energy case, which implies the laser energies suitable for the experimental 

measurements.  
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Figure 9.12 Normalized square root of the CO2 CPP fs CARS signal intensity as versus to the gas 

number density for (a) 40 µJ pump and Stokes laser energies and (b) 20 µJ pump and Stokes laser 

energies. 

9.2.2 CO2-O2 Mixtures at Room Temperature and Elevated Pressures 

The CO2-O2 CPP fs CARS spectrum has been measured for 40% of CO2 and 60% of O2 in the 

high-pressure gas cell and the results are shown in Figure 9.13. Surprisingly, even with the same 

mixture concentration, the CPP fs CARS spectrum seems to be dependent upon the total gas number 

density. The probe delay of the experimental measurements is about 6 ps, according to our previous 

discussions on the dephasing rate difference between CO2 and O2 in Chapter 7, the CO2 CARS 

signal will dominate as O2 CARS signal decays much faster. However, this difference of the 

frequency spread dephasing rate between CO2 and O2 cannot explain why at low gas number 

densities the relative strength of O2 CPP fs CARS signal becomes stronger since the probe delay is 

kept identical during the experimental measurements. Neither can this relative CARS intensity 

variation be explained within the framework of SPM or self-focusing as we have tuned the laser 

energy to suppress it. And without saturating the Raman transitions, both the O2 and CO2 CPP fs 

CARS strength should scale quadratically with gas number densities. One possible explanation is 

that the collisional narrowing for CO2 is much more significant than O2. At high pressures, the 

overall bandwidth of CO2 rovibrational transitions is narrower than O2 at high gas number densities 

than at low gas number densities. The difference of frequency spread dephasing rate between CO 2 

and O2 is thus even more significant at high gas number densities than at low gas number densities.  
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Figure 9.13 CO2-O2 CPP fs CARS spectrum with 60% of O2 and 40% of CO2. The measurements 

are performed at room temperature and the probe time delay is about 6 ps. 

9.2.3 CO2 at High Pressure and High Temperatures 

CO2 CPP fs CARS measurements at elevated temperatures are performed in the high-pressure 

gas cell, the preliminary measurements below 500 K are shown in Figure 9.14. The measurements 

are performed by first pressurizing the gas cell at room temperature, the inlet and outlet ports are 

then closed while the external heating starts, thus the gas number density can be kept constant 

throughout the heating process. The temperature dependent variation is obvious despite the fact that 

vibrational CARS are not typically used for low temperature thermometry measurement (below 

1200 K). On the other hand, the obstacles that hinder higher temperature measurements right now 

are the strong background caused by the pump beam scattering. As shown in Figure 9.15, the pump 

beam scattering seems to become more significant at higher temperatures. The cause of this 

background scattering is still unclear, one possibility is the excess heating causes the physical 

property of the glass windows to change so that the pump beam diffraction on the windows material 

becomes more severe at higher temperatures. To get around the background from the pump beam 

scattering, one approach is to increase the optical pathlength for the CARS signal collection after 
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the collimating lens. This is because the CARS signal is laser like while the scattering light is 

spatially incoherent and will diminish eventually. Alternatively, one can switch to a laser 

configuration where the CARS signal wavelength is different from the pump. 

 

 

Figure 9.14 CO2 CPP fs CARS measurements in the high pressure gas cell with different 

temperatures. The gas number density is kept constant as 2.0 amagat. The probe delay is about 7 

ps for all the cases. 
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Figure 9.15 CO2 CPP fs CARS (without background subtraction) measurements in the high 

pressure gas cell with different temperatures. The background is also shown for comparison (red 

lines), both the CARS spectrum and the background are normalized to the maximum signal 

intensity. The gas number density is kept constant as 2.0 amagat. The probe delay is about 7 ps 

for all the cases. 

9.3 Spectral Fitting Results 

To fit the experimentally measured CO2 CPP fs CARS spectrum for high gas number 

densities, the inclusion of collisional line mixing and vibrational dephasing is critical. A simulation 

of the CO2 CPP fs CARS spectrum with and without the line mixing model and the vibrational 

dephasing are shown below. 

As shown in Figure 9.16 and Figure 9.17, when the collisional line mixing effects and 

vibrational dephasing are considered, the differences of the simulated CO2 CPP fs CARS spectrum 

between low and high gas number densities cases are relatively small. This also agrees with our 

experimental observations.  
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Figure 9.16 Simulated CO2 CPP fs CARS spectrum at room temperature and for low (0.91 

amagat) and high (18.21 amagat) gas number densities. The PTD is 6 ps, the collisional line 

mixing model and vibrational dephasing is considered in the simulation.  

 

Figure 9.17 Simulated CO2 CPP fs CARS spectrum at room temperature and for low (0.91 

amagat) and high (18.21 amagat) gas number densities. The PTD is 6 ps, separate line 

approximation is made, and vibrational dephasing is not included. 
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For room temperature measurement, we decided the highest gas number density that is free 

of SPM is about 18.6 amagat, the comparison between the experimental measurement spectrum and 

the theoretical calculation that enables collisional line mixing is as shown in Figure 9.18. 

 

 

Figure 9.18 Comparison between the measured CO2 CPP fs CARS spectrum at 18.6 amagat 

(room temperature) and the theoretical calculation that enables collisional line mixing.  

The agreement between the experiment and theoretical calculation is less satisfactory at both 

high and low frequencies. Similar disagreement has also been found in our previous atmospheric 

pressure measurements. Thus, we believe this slight mismatch is less an issue of collisional effects. 

One possibility is the frequency to pixel mapping is not perfect, as shown in Figure 9.19, three 

atomic lines are all above 13800 cm-1, the frequency to pixel mapping is assumed to be linear in 

between the atomic lines, while extrapolation is used for pixels beyond the range of atomic line 

positions. This extrapolation and even the linear interpolation itself will introduce some uncertainty. 

Another possible cause of this disagreement could be because the measurement laser power 

spectrum is not accurate enough. Though, we reduced the laser energy enough to avoid SPM inside 

the high-pressure gas medium, the windows material can still cause certain degree of SPM.  
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Figure 9.19 Neon lamp calibration spectrum for the CO2 CPP fs CARS measurement. 

9.4 Conclusions 

CPP fs CARS measurements have been performed for CO2 and CO2-O2 in the HPHTC. Laser 

intensity is controlled to suppress the SPM and laser pulse self-focusing by checking the measured 

laser power spectrum as well as the image mode CARS signal on the CCD camera. We find that 

the while nonlinear optical effects like SPM are suppressed, the CPP fs CARS spectrum in pure 

CO2 is relatively stable from 1 to 20 amagat gas number density at 298 K. Our frequency domain 

analysis as well as the spectral fitting results indicate that the inclusion of collisional narrowing is 

critical in accurately modelling the high-pressure CO2 CPP fs CARS data. For the high-pressure 

CO2-O2 CPP fs CARS measurements, we find that the relative intensity between CO2 and O2 CARS 

signal is gas number density dependent, and this might still can be explained within the framework 

of the strong collisional narrowing in CO2. Finally, our preliminary CO2 vibrational CARS 

measurements in the heated gas cell indicate the potential for its thermometry extraction even below 

500 K. To suppress the pump beam scattering background and to enable even higher temperature 

measurements in the future, a degenerate pump probe setup can be used in the future so that th e 

CARS frequency can be separated out from the three laser beams. 
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 CONCLUSIONS AND FUTURE WORK  

10.1 Summary and Impact.  

The work presented in this dissertation has focused on developing CPP fs CARS 

measurements for high pressure systems especially associated with high pressure rocket 

combustion applications. The major contributions of this thesis research include:  

1. Characterization of frequency chirp on the ultrafast pulse, and the inclusion of 

frequency chirp and the resultant Raman excitation efficiency profile in the spectral 

fitting code.   

2. Investigation and suppression of self-phase modulation effects associated with 

ultrafast laser propagation in the high-pressure gas medium. 

3. Development and parallelization of the time-dependent densitymatrix code for 

theoretical analysis. The parallelization of the spectral fitting code. 

4. Modelling of CO2 CPP fs CARS, the development CO2 CPP fs CARS technique for 

thermometry measurement and for relative CO2-O2 concentration extraction. 

5. First-time high-pressure CO2-O2 fs CARS measurement, the incorporation of 

collisional narrowing model especially for CO2 at high pressure. 

 

The effects of moderate frequency chirp for the pump and Stokes pulses on CPP fs CARS 

temperature measurements were investigated both theoretically, by computing the CPP fs CARS 

spectra by solution of the time-dependent density matrix equations, and experimentally by inserting 

disks of SF11 glass in the beam paths of the CARS input beams. A major conclusion of the study 

is that transmission of the beams through thick glass windows will not significantly affect 

temperature measurement accuracy and precision. One major effect of moderate pump/Stokes chirp 

is that the spectrum of the nonresonant background narrows significantly, and the influence of the 

nonresonant background spectrum can be minimized in the temperature sensitive region of the 

spectrum. The envelope of Raman excitation efficiency also narrows due to moderate pump/Stokes 

chirp, and this effect must be incorporated in phenomenological models used to fit CPP fs CARS 

spectra. 
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The effects of SPM on CPP fs CARS measurements were evaluated at high pressures and 

with varying laser energies. We found that with sufficiently high laser energy, SPM can become 

significant and result in modulation of CPP fs CARS spectra even at moderate pressures. SPM 

effects were also evaluated for several different gaseous species including CO2, O2 and CH4, it was 

found that N2 exhibits least amount of SPM while CO2 has strongest SPM among those molecules 

being studied. The modulated laser spectrum due to SPM in high pressure N2 gas was successfully 

modeled, and the extracted nonlinear refractive index agreed with the literature reported values. 

However, one of the major conclusion of this study is that it is preferable to eliminate SPM effects 

by reducing the laser intensity rather than to try to incorporate it into the CARS modelling since its 

influence can be much more complex and even intractable especially when several gaseous species 

are to be involved. This study provides the guidelines for picking up the optimum laser intensities 

for high pressure fs CARS measurements.  

CO2 CPP fs CARS technique was developed for thermometry measurement. A 

phenomenological model of CO2 CPP fs CARS was developed and was verified in various CO2/O2 

mixtures as well as at different flame temperatures. Because the rotational transitions within a 

vibrational manifold of CO2 are tightly spaced, and because the CO2 molecule has a special Fermi-

resonance structure, the time domain resonance signal of CO2 is oscillatory and has a long 

dephasing time scale than O2. Though the vibrational transition frequency of O2 is very close to 

CO2, we showed that at large probe delays one can suppress the O2 resonant interference and the 

nonresonant signal interferences in the CO2 spectrum. Therefore, the CO2 CPP fs CARS spectrum 

obtained at long probe delays is dominated by the resonant contribution of CO2. Comparison 

between flame thermometry obtained from CO2 and N2 CPP fs CARS measurements shows that 

CO2 is well-suited for temperature measurements below 1200 K. Another advantage of CO2 CPP 

fs CARS at long probe delays is that it enables accurate thermometry with only a single set of laser 

parameters. 

CPP fs CARS measurements were performed for CO2 and CO2-O2 in the HPHTC. We found 

that while nonlinear optical effects like SPM were suppressed, the CPP fs CARS spectrum in pure 

CO2 was relatively unchanged from 1 to 20 amagat gas number density at 298 K. Our frequency 

domain analysis as well as the spectral fitting results indicated that the inclusion of collisional 

narrowing is critical in accurately modelling the high-pressure CO2 CPP fs CARS data. For the 

high-pressure CO2-O2 CPP fs CARS measurements, we found that the relative intensity between 
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CO2 and O2 CARS signal is gas number density dependent, and this might still can be explained 

within the framework of the strong collisional narrowing in CO2. Finally, our preliminary CO2 

vibrational CARS measurements in the heated gas cell indicate the potential for its thermometry 

extraction even below 500 K.  

In addition to the development of CPP fs CARS technique as summarized above, a time 

resolved densitymatrix equation (Liouville’s equation) code was developed and parallelized. The 

parallelized code also enables the easy incorporation of collisional narrowing effects through thread 

communication of population and coherence information. This densitymatrix code has been used 

in this study to calculate the Raman excitation efficiency change due to moderate amount of pump 

and Stokes chirp, and it has also been used to verify the collisional line-mixing calculation from G-

matrix approach. The spectral fitting code has also been parallelized for higher numerical efficiency.  

10.2 Suggested Directions of Future Work 

The experimental study of CPP fs CARS measurements in the HPHTC has so far been applied 

for CO2 and O2 for pressure range from 1-25 atm and for temperature range from 295-500 K. The 

extension of pressure and temperature range will be of practical interests as the cell was designed 

for pressure range from 1-100 atm and temperature range from 295-1000 K. Together with our 

previous CO2 CARS studies over the Hencken burner, one of the objective of the CO2 CARS study 

is to establish its accurate thermometry measurement from 295 K to about 1700K and for gas 

number density of up to 20 amagat. This will provide more useful information for the diagnostic 

studies for rocket combustion relevant applications. Right now, one of the major obstacles for 

higher temperature measurement inside the HPHTC is the strong background caused by the pump 

beam scattering. Though the mechanism of this temperature-dependent pump scattering is yet not 

clear. One way to get around with it is to use a degenerate pump probe laser setup so that the CARS 

signal frequency can be separated from the pump frequency. In addition, investigations need to be 

made for CO2-O2 mixture measurements especially for the HPHTC as our preliminary studies 

indicate that the relative strength of CO2 and O2 CARS signal can be pressure dependent. Possible 

solutions might include using even longer probe delays to fully suppress O2 interference from CO2 

measurement, or we can incorporate this pressure dependence of the relative CARS signal strength 

into the theoretical model so that pressure information can be extracted. Meanwhile, the targe 

species for CARS measurements can be extended to H2, CH4 and even H2O. For H2 CARS, the 
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theoretical model for phenomenological modelling has already been developed, some experimental 

measurements have also been performed in an atmospheric-pressure laminar flame established over 

a Hencken burner. The main objective of the H2 CPP fs CARS studies will be focused on its 

application in high temperature thermometry measurement because its vibrational frequency is 

much higher than CO2 and O2. H2O CARS might need to be considered together with H2 CARS 

studies as their vibrational frequencies are also close and H2O is naturally abundant in H2-O2 flames. 

Similarly, CH4 CPP fs CARS studies can be of practical interests for CH4-O2 combustion studies 

as it provides an alternative solution to CO2 CPP fs CARS. The monitoring and suppression of SPM 

in different gaseous species and different test conditions should also be made alongside with those 

measurements. 

In the meantime, while those fundamental CPP fs CARS studies in the HPHTC or other 

canonical combustion systems are performed. Investigations of those CARS technique inside the 

rocket combustion chamber can be performed simultaneously. The envisioned challenges 

associated with the experimental studies include the strong background caused by the flame 

luminescence, beam steering caused by the turbulent flow or oscillatory chamber cavity, and 

complex composition of gaseous species in the probe volume etc. One possible way to get rid of 

the strong background noise is to polarization suppression since the CARS signal is highly polarized. 

Alternatively, one can control the pockel cell frequency to 2.5 kHz while the CCD camera is still 

kept at 5 kHz so that each single shot of CARS acquisition can be followed by an acquisition of 

background noise. The possible strong beam steering can be overcome by using other phase 

matching schemes, for example, by using co-annular CARS geometry the spatial overlap among 

three laser beams will be less susceptible to beam steering. The complex composition in the probe 

volume is associated more with the choice of choosing the proper target species. Overall, several 

combinations of gaseous species can be made for CARS measurement, e.g., CO2-O2 CARS, H2-

H2O CARS and CH4 CARS etc. 

In brief, the future work can focus on developing and refining the current CO2-O2 CPP fs 

CARS technique in the HPHTC measurement. And the measurement species can be extended to 

other relevant species such as H2, CH4, and H2O. The investigations and applications of those CARS 

techniques to the high-pressure rocket combustion can be the final goal of this research studies.  
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