
 

 

ABSTRACT 
 

LI, YUANYUAN. Applications of Transient Grating Spectroscopy to Temperature and 
Transport Properties Measurements in High-Pressure Environments. (Under the direction 
of Dr. William L. Roberts) 
 
 

Transient Grating Spectroscopy (TGS) is a four-wave mixing technique that involves 

the first-order Bragg scattering of a probe beam off of a dynamic grating generated by 

two crossed pump laser beams.  The amplitude and temporal behavior of the spatially 

coherent signal beam reflects the physical and chemical dynamics of the investigated 

medium.  The temporal behavior of the signal is a function of the local temperature and 

transport properties.  The TGS signal is shown to grow with increasing pressure and is 

spatially coherent.  TGS thermometry is frequency based rather than amplitude based.  

These characteristics make the TGS technique very promising for thermometry in high-

pressure environments. 

TGS thermometry experiments were conducted in both laboratory-scale and practical-

scale high-pressure combustors.  Algorithms for analyzing the TGS signal were 

developed and shown to work efficiently at calculating temperature real time.  

Temperature was successfully measured under various flame conditions (pressure, 

equivalence ratio, soot volume fraction) in the laboratory-scale combustor, and the results 

were consistent with thermocouple readings.  Progress was made towards applying TGS 

thermometry to practical-scale combustors.  Suggestions for future efforts were given. 

By curve-fitting the TGS signal acquired with an unfocused beams geometry, the 

acoustic damping rate of various gas samples (Ar, N2, O2, CO, CO2, CH4, C2H4, etc.) was 

measured at various pressures (up to 25 atm).  The acoustic wave was found to decay 



 

 

faster than that predicted by the classical theory, except for atomic gases.  Molecular 

absorption of sound wave energy becomes important for molecules with complicated 

structures and becomes more important with increased pressure.  Results from Ar/He 

mixtures indicate that collisions between atoms with widely different molecular weights 

may enhance the redistribution of translational energy, and thus accelerate the acoustic 

wave damping. 

The TGS signal from a very rich CO/air mixture shows a fundementally different 

temporal behavior.  A photo-chemical reaction appears to be initiated by the crossed 

pump beams at the spatial intensity peaks.  The liberated heat generates very strong 

density gratings and thus a very strong TGS signal.  The relatively slower heat release 

due to photo-chemical reactions needs a longer time to establish the density grating.  The 

temporal behavior of the TGS signal is determined by the photo-chemical reaction rate, 

which is found to be influenced by pump beam energy, pressure (molecular collisional 

rate) and O2 concentration. 
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CHAPTER 1 
 

INTRODUCTION 
 
 
 
This dissertation describes the efforts of applying a new non-intrusive technique, 

Transient Grating Spectroscopy (TGS), to remotely determine flame temperature and 

other physical properties under high-pressure environments (up to 30 atm).  As many 

other laser diagnostic techniques fail or are difficult to apply in high-pressure combustion 

environments, the TGS technique is promising because its signal strength grows 

quadratically with pressure.  Therefore, it will assist the study of combustion processes 

under high-pressure environments.  Considering that many commercialized combustors 

operate under high-pressure conditions, the TGS technique is expected to have a bright 

future in practical and industrial combustors application.  Meanwhile, the TGS technique 

contains other merits such as: requiring non-resonant pump sources, coherent signal, 

based on signal frequency, etc.  Since the temporal history of the TGS signal is 

determined by the hydrodynamic response of medium, some physical properties can also 

be extracted by analyzing the decay rate of the TGS signal.  Our efforts were focused on 

the acoustic damping rates of the ultrasonic acoustic waves generated by strong laser 

pulses.  The contents of this dissertation include a brief introduction of the principal of 

TGS, the experimental approach, the results of thermometry and acoustic damping rates, 

and our suggestions for future explorations. 

 

1.1 Objective   
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With the concern of hydrocarbon fuel source availability and environmental 

considerations, the combustion process needs to be more efficient and cleaner.  For the 

purpose of testing and validating combustor design and the verification of predictive 

computational results, we need to accurately measure the combustion temperature.  To 

measure the temperature, we could use physical approaches, such as thermocouple, or 

non-intrusively, such as laser diagnostics.  Physical probe techniques are restricted in 

many combustion environments because their intrusion could affect the combustion 

processes.  Laser diagnostics have the advantages of being non-intrusive, remote, in-situ, 

spatially and temporally precise, etc., and have been widely applied in the area of 

combustion during last two decades (Eckbreth, 1996).  The objective of this work is to 

develop a non-intrusive laser diagnostic technique for measuring temperature and 

concentration inside high pressure, sooty flames, such as those found in jet engines. 

Various laser diagnostics technologies have been developed for measuring 

temperature and concentration in combustion environments.  According to the 

experimental approaches, laser diagnostics are usually categorized as either coherent or 

incoherent.  The well-used incoherent approaches in combustion studies include Rayleigh 

scattering, Raman scattering and Laser Induced Fluorescence (LIF).  Rayleigh scattering 

is the elastic scattering of light quanta from molecules or very small particles.  It has been 

used to measure the total density, but gives no information of individual species 

concentration.  In constant pressure, if the post flame compositions are known, Rayleigh 

scattering can be used to measure temperature through the ideal gas law.  Because of this 

limitation, Rayleigh scattering can only be used in very clean, particle-free situations.  

Raman scattering is the inelastic collision between light quanta and molecules.  If the 
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photon loses energy to the molecule after collision, the scattering is termed as Stokes; and 

if the photon gains energy from the molecule, it is termed as anti-Stokes.  Therefore, the 

Stokes Raman Scattering photons have a larger wavelength than the input beam and the 

contrary for anti-Stokes Raman Scattering.  Anti-Stokes only happens at elevated 

pressure because it needs the molecules to be in an excited state.  From the distribution of 

the scattering, temperature could be measured.  However, the Raman scattering process is 

usually a very weak process.  For example, the collected Raman signal to laser energy 

ratio is approximately 10-14 in flames (Eckbreth, 1996).  Rayleigh scattering is typically 

three orders of magnitude stronger than Raman scattering.  The spectrum of Raman 

scattering signal is determined by the energy states distribution of the emanating 

molecules and temperature is related the energy state distribution.  Furthermore, the 

Raman scattering signal is species specific and linearly proportional to species number 

density.  Therefore, from the shape of the Raman spectrum, temperature can be 

determined, and density derived from the strength of the Raman scattering.  The 

weakness of Raman scattering signals causes a very low signal to interference ratio, 

therefore, making it very difficult to be applied at harsh combustion environments.  

Nonetheless, Raman scattering has been widely used in clean flame diagnosis.  Laser 

Induced Fluorescence is the spontaneous emission of light from an atom or molecule 

after being externally excited to an upper electronic state by a resonant laser source.  The 

intensity of the LIF signal reveals the information of energy level population of the 

absorbing species if its emission spectrum is known.  Assuming local thermodynamic 

equilibrium, temperature can be calculated from the Boltzmann distribution function.  

However, fluorescence is not the only process exited molecules may go through.  There 
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are other processes, such as dissociation, ionization, chemical reaction etc., and most 

importantly, collisional quenching, all of which compete with the fluorescence process.  

Collisional quenching is the process of excited molecules colliding with bath molecules 

then return to ground state.  These processes interfere the quantification of LIF signal.  It 

is very difficult to apply LIF measurements at high-pressure environments because 

collisional quenching becomes the dominant process due to higher collision rate.  LIF is 

usually used to detect reaction intermediates and radical species because of its sensitivity.  

The detectable species must have an absorption wavelength which is accessible by 

existing laser sources (typically Nd:YAG pumped dye lasers). 

Compared to incoherent techniques, the coherent approaches have strong, laser-like 

signal beams, so they are more interference tolerant.  In the hostile combustion 

environment, coherent approaches are preferred.  Two major coherent approaches are: 

Coherent Anti-Stokes Raman Spectroscopy (CARS) and Degenerated Four-Wave Mixing 

(DFWM).  CARS is a fairly mature technique.  In CARS, pump beams and a probe beam, 

which is Stokes shifted from the pump, are mixed to generate to CARS beam.  

Measurements of medium properties are performed from the shape of the spectral 

signatures and/or intensity of the CARS signals.  Since the frequency difference between 

the pump and probe beams must match a Stokes shift of the target species, dye laser is 

required in CARS measurements.  Due to the inherent weakness of Raman process, 

CARS generally is suited to major species concentration measurement, i.e. typical 

concentrations greater than 0.1% at atmosphere pressure.  Although CARS spectra are 

usually very complicated, it has been demonstrated in typical combustion devices whose 

environments are too hostile to demonstrate incoherent approaches.  DFWM has been of 
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great interested in recent years.  In DFWM, there is only single frequency input; therefore 

all the waves in the mixing process are in resonance and at the same frequency.  The 

wavelength of the laser beams must be tuned into an electronic transition of the target 

species.  Because of its electronic resonance, DFWM is capable of detecting minor 

species concentration.  At this point in time, DFWM is still under investigation as a 

practical diagnostic technique (Eckbreth, 1996). 

For either the incoherent or the coherent approaches we’ve discussed so far, they all 

experience difficulties when applied to high-pressure combustion environments.  Under 

high-pressure, incoherent approaches are usually excluded because they all need large 

solid angles to collect signals.  To maintain the high-pressure condition, the combustion 

chamber must have solid walls, which makes it very difficult to have a big window to 

collect signals.  The high background luminosity in many combustion environments may 

overwhelm signals from Rayleigh and Raman scattering.  Because the quenching process 

gets stronger with the increase of pressure, it is very difficult to quantify temperature 

from LIF signals.  Coherent approaches are preferred for use in high-pressure combustion 

environments because their beam-like signals require limit optical access to the 

combustion chamber.  CARS is a mature diagnostic technique that has been applied to 

many combustion environments, but the spectral signatures of CARS signal from high-

pressure combustion environment are usually very complicate due to collisional 

broadening (Hall, et al., 1980).  Analyzing such signals is very time consuming and not 

practical.  In CARS and DFWM, there must be at least one target species, so they need 

tunable laser systems.  When pressure increases, DFWM signals fall off more rapidly that 

theoretically predicted due to beam steering (Feikema, et al., 1992).  Meanwhile, the 
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blackbody absorption of soot particles could cause coherent and incoherent interference 

in CARS and DFWM measurements.  On the other hand, many of its characteristics make 

TGS an ideal approach to investigate the temperature at high-pressure combustion 

environments.  Although the idea of the TGS technique is relatively simple compared to 

CARS or DFWM, the experimental approach is not easy at all.  The efforts of exploring 

TGS as a laser diagnostic technique are relatively limited at this time.  However, due to 

its merits under high-pressure, sooty environments, we picked TGS as our approach to 

achieve our objective of investigating temperature and transport properties in pressurized 

flames.  

 

1.2 Transient Grating Spectroscopy (TGS) 

The more detailed principal of the TGS technique will be discussed in Chapter 3.  In 

brief, the TGS techniques involves the first-order Bragg scattering of a probe beam off of 

a dynamic density grating generated by two crossed pump laser beams.  The amplitude 

and temporal behavior of the spatially coherent signal beam reflects the physical and 

chemical dynamics of the investigated medium.  The temporal behavior of the signal is a 

function of the local temperature and transport properties.  By performing the TGS 

technique in a non-resonant manner, we will be able to make measurements in any region 

of the combustion environment without the need for the presence of any particular 

species. 

Transient grating signals are typically generated through one of two physical 

processes, electrostriction and thermalization.  Electrostriction is the acceleration of 

polarized molecules in a strong electric field gradient.  This field-induced movement of 
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the molecules modulates the local density thereby modulating the local index of 

refraction.  Thermalization is achieved using pump lasers tuned to a molecular resonance 

of a species present in the test medium.  The absorbing species gains electronic energy 

that is subsequently transferred to the surrounding gas via inelastic collisions.  This 

energy transfer modulates the local temperature field, and like the electrostrictive density 

grating, produces an index grating.  This index of refraction grating coherently reflects 

the probe beam at the phase matching angle.  The temporal behavior of this reflected 

signal beam is seen to have a gradual decay due to diffusion with an oscillation 

superimposed upon it.  The modulation of the grating reflectivity, responsible for this 

oscillation, is caused by the pressure waves caused by the acceleration of the molecules 

to alternatingly interfere constructively and destructively with each other as they 

propagate across the plane of the grating.  These infinitesimally strong pressure waves 

propagate at the speed of sound and are the physical basis of our measurement technique. 

Compared to the laser diagnostic techniques mentioned in the last section, the TGS 

technique seems a good solution for pressurized environments.  In the TGS technique, the 

signal grows with increasing pressure.  Vaporization of soot makes a positive 

contribution to the TGS signal.  The TGS signal is spatially coherent, which will simplify 

background discrimination and requiring limited optical access.  TGS thermometry is 

frequency based; therefore, it is relatively insensitive to absorption and beam steering.  

All these give the coherent, non-resonant TGS technique great potential for accurately 

measuring temperature and major species concentration inside a high-pressure 

combustor, which may be sooty, luminous, and has limited optical access. 

 



 

 8 

1.3 Overview 

In this dissertation, the works on laser-induced gratings will first be reviewed in 

Chapter 2.  Then an introduction of the principle of the TGS technique will be given in 

Chapter 3, including the simplified theory used to model the TGS signal.  Experimental 

approaches of applying the TGS technique will be explained in Chapter 4.  The 

experimental results and discussions on TGS thermometry and acoustic damping 

measurements will be given in Chapters 5 and 6 respectively.  In Chapter 7, chemical 

reaction as the driving force of generating TGS signals is discussed based on interesting 

observations from CO/air mixtures.  Finally, the dissertation summary, and the 

suggestions for future works, will be given in Chapter 8. 
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CHAPTER 2 

LITERATURE REVIEW 

 

Similar to CARS and DFWM, TGS is an optical four-wave mixing technique. Optical 

four-wave mixing is an intuitive name for the process where the interactions of three 

input optical waves in a participating medium generate a fourth wave.  In optical four-

wave mixing processes, through the nonlinear response of the atoms or molecules in the 

medium to an applied field, dipole oscillations are induced by the input waves and these 

oscillating dipoles then radiate.  The result of a group of atoms and molecules in the 

medium radiating as an array of antennas is a coherent output at the beat frequencies in 

specific directions.  This is the source of the fourth wave.  When explicitly considering 

the material excitations as an intermediate step in optical four-wave mixing processes, the 

target medium will be excited, driven by the beat between two of the three input waves.  

This excitation process could be either resonant (photon energy corresponds to an 

allowable transition in rotational, vibrational or electronic energy levels, e.g. 

thermalization) or nonresonant (e.g. electrostriction).  In either case, a moving grating, 

i.e., the material excitational wave by the two pump beams, is generated.  As a result of 

the moving grating (or dynamic grating) coherently reflecting the third input wave (probe 

beam) in certain directions, the fourth beam (signal beam) can be expected (Shen, 1986).  

The optical four-wave mixing is a nonlinear, and therefore very weak, optical process, so 

it is very hard to achieve with conventional incoherent light sources.  Only the 

introduction of lasers provides the very high field intensity which is required to overcome 



 

 10 

the weakness of the nonlinear response in most materials, prospers the studies of optical 

four-wave mixing phenomena, including the laser-induced gratings techniques.  

Historically, laser-induced grating techniques have been developed to explore many 

time-dependent phenomena in liquids and solids (Eichler, et al., 1986).  Only recently, 

investigators have applied the technique to gaseous phase studies (Govoni, et al., 1993).  

In its early stage, laser-induced dynamic grating techniques were utilized and studied in 

processes such as the transport of extinctions in molecular crystals (Salcedo, et al., 1978), 

the detection of phonons in glassy solids (Tanaka, et al., 1997), relaxation modes in 

liquids (Yan, et al., 1988) and the kinetics of photoinitiated chemistry (Zhu, et al., 1992), 

etc.  In fluid mechanics, the light scattered off convecting laser-induced thermal gratings 

was measured to study the turbulence in a liquid undergoing plane Poiseuille flow 

(Charmet, et al., 1986).  During this period, the understanding of wave mixing process 

and dynamic light scattering process were established and developed.  An excellent and 

inclusive review of early development and application of laser-induced dynamic grating 

work is given by Eichler, et al. (1986).  In the gaseous phase, other optical four-wave 

mixing techniques, such as CARS and DFWM, were developed prior to TGS in 

combustion diagnostics.  The reason is that at atmosphere pressure, the acoustic response 

of laser-induced density gratings is usually very weak.  The response caused by laser-

induced population gratings is fairly strong, especially when there is an absorbing target 

species.  When pressure increases, collisions between molecules cause a rapid quenching 

of the population gratings, make it very difficult to interpret the spectra of the signals.    

At elevated pressure, the DFWM signals are very complicated because the DFWM and 

laser-induced grating signals are imposed together.  Therefore, when the research 
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interests expand to high-pressure environments, the laser-induced gratings become 

important and interesting.  Then, the TGS technique, which is based on the acoustic 

response of laser-induced gratings, is developed.  In this Chapter, we address our review 

of laser-induced gratings techniques, particularly their development and application to the 

gas phase and in combustion environments. 

The observation of the acoustic response induced by a laser in the gaseous phase was 

first made by Govoni, et al. (1993).  They compared the non-resonant and resonant signal 

for different time intervals between the excitation and probe pulses.  They contributed the 

non-resonance laser-induced grating signal to electrostriction, in analogy to previously 

observed behavior in condensed phase measurements.  Later, Cummings (1994) reported 

laser-induced grating measurements with NO2 as the trace species.  He compared the 

mechanisms of electrostrictive and thermal gratings, and gave a simple expression of 

signal amplitude time history.  He suggested this optical four-wave mixing technique 

could be used for sensitive measurement of the sound speed, thermal diffusivity, acoustic 

damping rate, and complex susceptibility of gases.  Working independently, Stampanani-

Panariello, et al. (1995) detected narrowband laser-induced grating signals caused by 

non-resonant electrostriction in air using time-delay scanning techniques and measured 

velocity and attenuation of sound waves in gases. 

The laser-induced grating in flames was first observed as an interference of DFWM 

measurements.  Williams, et al. (1994) obtained time-resolved thermal grating 

measurements produced in an atmosphere-pressure H2/O2 flame.  They confirmed the 

presence of a thermal grating in both the time and the frequency domains in two distinct 

experiments.  Since a thermal grating signal is very similar to a DFWM signal, but with 
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different physics, they complicate the interpretation of DFWM measurements.  The 

thermal-grating contribution to DFWM and their relation with temperature and pressure 

was investigated by Daneby, et al. (1995).  They suggested setting the polarization 

directions of the two pump beams orthogonal to each other, which cannot generate 

density gratings but will yield population gratings, to avoid thermal gratings in DFWM 

measurements. 

To understand the temporal behavior of the laser-induced gratings, Paul, et al. (1995) 

solved the linearized hydrodynamic equations to model the dynamics of the thermal 

grating.  Their model included the driving forces as finite-rate energy deposition 

(thermalization) and electrostrictive compression.  The dissipation of the grating is due to 

acoustic damping by viscosity and thermal conduction as well as the mass diffusion of 

the excited-state grating.  Also using the linearized hydrodynamic equations and light 

scattering, Cummings, et al. (1995a) independently developed a model with the 

consideration of finite-beam size effects.  The expression was developed for finite 

Gaussian laser beam with temporal laser effects and the complete spatial effects of the 

hydrodynamic evolution of the laser-induced gratings. The analysis also treated 

heterodyne signal detection, which could be used to make measurements of flow velocity.  

Hubschmid, et al. (1995) studied the formation of electrostrictive gratings in fluids by 

inclusion of viscosity and heat transfer.  They found that the relative difference in the 

height of neighboring maxim depends only on the thermal conductivity.  In following 

years, different research groups have studied laser-induced gratings by various 

experimental approaches.  Hubschmid, et al. (1996) measured sound velocity in gases by 

laser-induced electrostrictive grating with both focused and unfocused beams.  Latzel, et 
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al. (1997) used a high pressure CO2-laser to generate thermal gratings and calculated 

transport coefficients.   Hemmerling and Kozlov (1999) generated laser-induced gratings 

by a single, pulsed Nd :YAG laser employing a ring-down cavity geometry.  They 

measured sound velocity and concentrations in a binary mixture.  Rozouvan and Dreier 

(1999) considered the formation of electrostrictive gratings with an electromagnetic 

rather than an electrostatic approach.  They derived a different form of the relation for the 

electrostrictive pressure and measured the polarization dependence of laser-induced 

gratings. 

Almost immediately after the laser-induced gratings signal was observed and its time 

behavior was analyzed, it was proposed as a potential thermometer to be applied in 

combustion environments for its simplicity.  The oscillation frequency of the TGS signal 

is proportional to the local speed of sound, which has a very simple relation with 

temperature under ideal gas conditions.  Various efforts were performed to measure 

flame or post-flame temperature using this laser-induced grating technique.  Because both 

high-pressure and the presence of soot favor the formation of TGS signals, TGS 

thermometry was performed in pressurized, sooting flames by Brown and Roberts 

(1999).  They measured the temperature of ethylene/air flame with equivalence ratio of 

1.6, which agreed well with the results from thermocouple measurements.  With very rich 

flames, the soot particles may be vaporized by the laser beam, which causes the extracted 

temperature from the TGS signal to be lower than the thermocouple temperatures.  

Stampanoni-Pananriello, et al. (1998) measured temperature in a tube furnace up to 1370 

K as well as premixed methane/air and carbon monoxide/oxygen flame temperatures with 

laser-induced electrostrictive gratings.  When Hemmerling and Kozlov (1999) tested the 
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generation of laser-induced gratings with a single, pulsed Nd:YAG laser, they also 

measured temperature in a premixed methane/air flame.  Latzel, et al. (1998) measured 

temperature in a premixed methane/air flame over a pressure range of 10 to 40 bar.  They 

tuned the pulsed laser resonant with transitions in the A2Σ - X2Π(0,0) band of OH to 

generate thermal gratings.  Their results agreed well with an independent measurement 

using N2 CARS.  Hart, et al. (1999) added a reference channel in their efforts to measure 

temperature by laser-induced gratings.  This reference channel significantly improved the 

measurement accuracy and indicated excellent long-tem stability. 

Recently, there is also interest in developing velocimetry based on laser-induced 

gratings.  D. Walker, et al. (1998) measured flow velocity with laser induced thermal 

gratings.  They compare the forward and backward signals to extract the flow velocity.  A 

homodyne velocimetry based on laser-induced gratings was performed by analyzing the 

shape of the signals (Schlamp, et al., 1999).  The influence of the beam misalignments on 

the accuracy or repeatability of sound speed measurements was discussed.  Kozolov, et 

al. (1999) measured gas jet velocity with laser-induced electrostrictive gratings.  They 

detected the heterodyne signal between the signal from the gas jet and with a reference 

beam outside the jet flow.  Schlamp et al. (2000) investigated the heterodyne signal of 

laser-induced gratings and measured flow velocity as low as a Mach number of 0.1.  

They used the phase shift between the reference and the signal beams as fitting 

parameters to extract the flow velocity.  They also found that the lower limit on the flow 

velocity that can be measured accurately is limited by the signal lifetime.  Hart, et al. 

(2001) simultaneously measured temperature (285-295 K) and a single component of 

velocity (20-150 m/s) in atmospheric pressure, unseeded air jet with the heterodyne 
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detection of nonresonant laser-induced gratings.  Their velocimetry results agree well 

with Pitot-tube measurements, especially when flow velocity is high enough (e.g., at 150 

m/s, there is 0.2% difference between the results from heterodyne laser-induced gratings 

and from Pitot-tube measurements). 

Since the laser-induced gratings generated by pulsed pump sources will decay 

through transport process such as thermal diffusion, viscous dissipation and acoustic 

damping, the decay rate of the TGS signals contains information of transport properties 

of the local medium gases.  Based on the measured transport properties, it may be 

possible to extract major species concentration by analyzing the temporal behavior of 

TGS signals.  Compared to the development of TGS thermometry and velocimetry, the 

study of major species concentration from the TGS signal has not made much progress.  

The main reason is that, especially when the temporal history is limited (usually a few 

hundreds nanosecond for TGS signals generated with focused laser beams), the decay 

rate is much more difficult to extract than the oscillation frequency which is used to 

extract speed of sound and hence temperature.  Cummings, et al. (1995b) calculated the 

thermal diffusivity from laser induced grating signals.  Their thermal diffusivity 

measurements have the accuracy of ~ 20% at 1 atm and < 20% at high pressure.  Kimura, 

et al. (1995) demonstrated that the transient grating method is a reliable way to measure 

the thermal diffusivity in a high-pressure fluid.  Butenhoff (1995) measured the thermal 

diffusivity of hydrothermal solutions via the laser-induced grating technique.  Latzel, et 

al. (1997) measured the thermal diffusivity in a gas mixture of nitrogen/helium with 

ethylene added as an absorbing species.  They found that the thermal relaxation time is 

proportional to T-3/2.  These studies concentrated on the measurement of thermal 
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diffusivity, and their approaches needed an absorbing species to generate strong thermal 

grating signals.  The acoustic damping rates in high-pressure gaseous environments were 

extracted by modeling the decay rate of the oscillation part in the TGS signal (Li, et al., 

2001).  It was found that the energy transfer from translational energy to 

vibrational/rotational energy in polyatomic gases make the acoustic wave decays faster.  

Therefore, the measured acoustic damping rate is larger than that predicted by classical 

theory which only counts the thermal conduction and viscous dissipation in acoustic 

wave decay.  This effect gets stronger with pressure because the collisional rate between 

molecules gets higher with pressure. 
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CHAPTER 3 

PRINCIPAL OF TGS TECHNIQUE 

 

 The process of generating a TGS signal can be divided into two processes: 1) the 

opto-acoustic process through which the laser-induced grating is formed by crossing the 

pulsed pump beams; and 2) the acoustic-optical process through which the source beam 

is reflected by the laser-induced ultrasonic sound waves (Cummings, 1995a).  The 

intensity evolution of the TGS signal is a function the temporal history of the laser-

induced gratings.  This chapter will give the readers an intuitive view of the physical 

processes in the TGS technique and how the TGS signals are analyzed to extract the local 

temperature and transport properties information.  In this chapter, the opto-acoustic and 

acoustic-optical processes will be described intuitively.  Then a simplified mathematical 

model for predicting the TGS signal will be introduced.  This simplified model will be 

used through out the following chapters in this dissertation. 

 

3.1 Physical Process 

Due to the dual nature of light, it can be described as an electromagnetic wave of 

certain frequency.  Many phenomena related to its wave nature, such as interference, 

diffraction, refraction etc., can be observed if the coherence requirement is satisfied.  

Lasers are ideal light sources to study the phenomena mentioned above because they 

provide coherent light.  Interference between two crossing light waves occurs if the two 

light sources have good spatial and temporal coherence.  The interference phenomenon, 

usually observed as bright and dark patterns, is actually the redistribution of the light 
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wave energy in certain ways (E. Hecht, 1998).  When two light waves with parallel, 

linear polarization are spatially and temporally superposed, a periodic distribution of light 

intensity can be expected.  This periodic distribution can be viewed as an intensity 

grating.  Traditionally in optics, a grating is a repetitive array of elements, such as 

apertures, obstacles, steps, etc (E. Hecht, 1998).  In this dissertation, the word “grating” is 

used to describe the periodic distribution of any parameters, including light intensity, 

electric field, density, temperature, index-of-refraction, etc.  It is not necessarily a 

physical diffraction grating.  However, these gratings do perform similarly, i.e., a grating 

can produce periodic alterations in the phase or amplitude, or both, of an emergent light 

wave. 

In the case of two plane waves with wavelength λ intersecting at the full angle θ, an 

interference pattern, or an intensity grating, is produced.  The grating spacing Λ, i.e., the 

distance between two successive peaks, can be expressed as:  

 







=Λ

2
2sin θ

λ . (3.1) 

When the field intensity is strong enough, it will cause a local disturbance of physical 

properties such as density, temperature, and the index-of-refraction.  Because the driving 

force is spatially distributed as a grating, these disturbances are also grating-like.  

Therefore, the coupling between the light intensity grating and the target medium can 

produce a modulation in the local index-of-refraction.  Many opto-acoustic effects can 

cause the local disturbances by the applied field, including, thermalization, 

electrostriction, photophoresis, thermophoresis, photolysis, photochemical reaction, etc 
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(Cummings, 1995a).  In most combustion environments, only two of them, 

thermalization and electrostriction, are important and these will be discussed here. 

Thermalization is a process by which laser energy is converted into thermal energy.  

When the molecules in the target medium contain energy level differences resonant to the 

input laser light wavelength, the molecules will absorb the input photons and be excited 

to a higher energy level.  The excited molecules collide with other molecules.  When the 

collision is non-elastic, the absorbed laser energy is converted to thermal energy.  The 

local temperature increase produced by thermalization can be approximated as: 

 ( )p
p

I
c

T τ
ρ
αφ 2=∆ , (3.2) 

where α is the absorption coefficient, τp is the pump laser pulse width.  The 

dimensionless factor φ is fraction of absorbed energy collisionally transferred to 

surrounding gas.  It is somewhat analogous to the quantum yield factor encountered in 

Laser-Induced Fluorescence (LIF) work.  At high pressures and temperatures φ becomes 

nearly unity (Brown and Roberts, 1999).  For any fluid, a change in the local temperature 

will produce a change in the local density.  Hence, a thermal grating leads to a density 

grating. For example, under isobaric fluid conditions: 

 
T
T∆−=∆ ρρ . (3.3) 

Another thermalization process happens when soot is present in the target medium.  Soot, 

working as a blackbody absorber, is heated by the input pumping laser beams.  The high-

temperature soot will further heat the bath gases.  By either way, resonant molecules or 

blackbody absorbers, the target medium is heated by the grating-like intensity field.  The 



 

 20 

resultant temperature field, and thus the density field, in the target medium is also 

grating-like, with the grating spacing described by Equation (3.1). 

Electrostriction is the tendency of materials to become compressed, or rarefied, under 

the presence of an electric field (Boyd, 1992).  The electrostrictive force is actually the 

consequence of the maximization of potential energy.  When an electric field is applied, 

the polarizable molecules are first polarized.  Then they are accelerated towards the 

regions of high field intensity gradient.  If the driving force is rapid, the acceleration is 

impulsive, and a local density disturbance will be produced.  When electrostriction 

generates the TGS signal, the density perturbation is governed by (Boyd, 1992): 

 
nc
IC e 4

γρ =∆   . (3.4) 

where C=(1/ρ) ∂ρ⁄∂p is the fluid compressibility and equal to the speed of sound, and γe is 

the electrostrictive coefficient which is a function of molecules in the target medium.  n 

and c denote to the index-of-refraction and speed of light respectively.  From Equation 

(3.4), it is obvious that a grating-like electric intensity field will also produce a grating-

like density field via the electrostriction process.  Electrostriction is a nonresonant, 

universal physical phenomenon which works for all polarizable molecules.  The target 

medium does not need to contain absorbing species.  Compared to thermalization, the 

electrostriction process is usually very weak in the gaseous phase, especially when the 

molecule structure is simple, such as Ar, He etc., where the electrostrictive coefficient is 

small.  For molecules with complex structure, such as CO2 or C2H4, the molecules are 

more easily polarized, i.e., have a larger electrostrictive coefficient, and tend to yield a 

strong electrostriction effect. 
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 As discussed, two crossed input laser beams, through electrostriction and/or 

thermalization, produce a density grating in the target medium.  The hydrodynamic 

response of the gas will be to produce two counter-propagating sound waves and a 

decaying thermal wave.  The alternating constructive and destructive interference of 

theses counter-propagating sound waves will generate a standing wave.  An intuitive 

picture for understanding the grating formation process is illustrated in Figure 3.1. 

 

 

 

 

 

 

 

 
 
Figure 3.1   The formation and read-out of laser-induced gratings. When phase-matching 

conditions are met, a fourth beam (signal beam) will be generated 

 

 Scattering of light occurs in inhomogeneous medium.  Sound waves always 

accompany density variation, spatially and temporally.  The process by which these 

acoustic waves cause light scattering is usually termed as acoustic-optical effect.  When a 

light source shines on the laser-induced gratings, the light wave is scattered in certain 

directions.  With a coherent light source as the input light source, if the phase-matching 

condition is satisfied, the reflected light from each laser-induced grating will construct 
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with each other.  Therefore, the reflected light acts like a laser beam at one certain 

direction.  The intensity of the newly generated light beam is proportional to changes of 

local index-of-refraction.  Therefore, the light scattered by a fluid disturbance could be 

used to extract information about the disturbance itself, and related hydrodynamic 

processes. 

 

3.2 Mathematical modeling of TGS signals 

 The TGS technique allows the determination of instantaneous local thermodynamic 

properties by utilizing the opto-acoustic and acoustic-optical response of the target 

medium mentioned above.  In the TGS technique, two pulsed laser beams, usually from 

the same laser source with linear, parallel polarizations, are spatially and temporally 

overlapped at a small crossing angle.  A density grating is produced by the light-intensity 

grating through electrostriction and/or thermalization.  The variation of density results 

two counter-propagating sound waves and a non-propagating thermal wave.  The 

alternating constructive and destructive interference of the two sound waves produces a 

standing sound wave and makes the local index-of-refraction oscillate at a frequency (the 

Brillouin frequency) solely determined by the grating spacing and the local speed of 

sound (Cummings, et al., 1995a).  A second long-pulse or continuous laser light shines on 

the laser-induced grating at the phase-matching angle.  The reflectance of the probe beam 

generates a signal beam whose intensity gives information about the local index-of-

refraction variation.  The signal beam is collected with a photomultiplier tube (PMT) and 

analyzed.  Since the pump beams last only ~10 ns when using Q-switched Nd:YAG 

lasers as the pump beams source, the grating structure themselves will be washed out in 
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time, on the order of 0.5 µs, due to thermal diffusion and acoustic damping.  Therefore, 

the TGS signal appears as an exponentially damped oscillation, a sample of which is 

shown in Figure 3.2.  By measuring the oscillation frequency, the local speed of sound 

can be determined, and further, the local temperature, which has a simple relation with 

sound speed under ideal gas conditions, assuming the composition is known.  The 

exponential decay of the signal envelope provides a measure of the transport properties. 
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Figure 3.2  Non-resonant TGS signal in air due to electrostriction. (64 shots average) 

 

 Theoretical development of the TGS signal in time is made by solving the appropriate 

hydrodynamic equations including the effects of the incident laser (Paul, et al., 1995, 

Cummings, et al., 1995a, Hunschmid, et al., 1995).  The TGS signal intensity is seen to 

be proportional to ∆ρ2.  The complete expression for ∆ρ needs to include all of the 

grating dissipative effects, the influence of the temporal pulse shape of the pump lasers, 

the effects of collisional energy transfer, and the effects of the relative magnitudes of the 
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pulse duration, coherence length, and relative pump beam delays.  Such an expression 

will be very lengthy.  In this dissertation, a simplified, approximate model introduced by 

Brown and Roberts (1999) will be used to simulate the TGS signal. 

 The scattering efficiency, η, of the probe beam by the laser-induced grating can be 

expressed as (Yariv, 1985): 
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In Equation (3.5), the geometric factor G includes the spatial profiles and spatial overlap 

of the incident beams.  ∆n denotes the perturbation of the index-of-refraction and L is the 

length of the grating.  When the diffraction is a weak process, Equation (3.5) can be 

approximated as: 
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Expanding the index-of-refraction perturbation in terms of two fluid variables whose 

fluctuations are statistically independent, namely, density and temperature, we have: 
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The second term in Equation (3.7) is quite small in gases and can be neglected as 

compared to the first (Paul, et al., 1995).  Therefore the relation between scattering 

efficiency and local density perturbation can be approximately expressed as: 
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As indicated earlier, the density variation caused by laser-induced gratings is composed 

of two counter-propagating acoustic waves and a non-propagating, but diffusing, entropy 

or thermal wave.  Therefore, the total TGS signal appears as an exponentially damped 

oscillation.  The exponential decay of the envelope provides a measure of the acoustic 

damping rate and thermal diffusivity.  Including both electrostrictive and thermal 

gratings, the density perturbation, ∆ρ, can be approximately expressed as (Brown and 

Roberts, 1999): 

 ( ) ( ) ( )( ) ( ) ( )tttqCtAQqDBtqDAt Bradst ωβρ cos exp  exp  exp  22222 −Γ−+++−+−=∆ . 

  (3.9) 

where, Dt is the thermal diffusivity and Ds is the mass diffusivity.  Γ denotes the acoustic 

damping coefficient which is a simple function of viscosity and thermal conductivity for 

atomic gases.  q = 2π / Λ is the grating wave vector.  The parameter β is used to correct 

the effect of sound waves propagating out of the probe volume.  ωB = 2πfB is the 

Brillouin frequency.  Q is electronic quenching rate.  Arad is the radiative decay rate.  Q 

and Arad describe the decay rate of the molecules at excited state.  They are only 

important with thermal gratings at very low pressure where the collision rate between 

excited molecules with bath molecules is small so it needs longer time to convert the 

absorbed laser energy into heat.  It is customary to assign t = 0 to the arrival of the pump 

laser beams.  In this case, ∆ρ(t ≤ 0) = 0.  In equation (3.9), the first two terms describe a 

static thermal or entropy wave that dissipates via diffusion.  The third term describes a 

propagating acoustic mode that dissipates via viscous damping.  The coefficients A, B 

and C are simply used as fitting parameters when TGS thermometry is performed.  The 



 

 26 

ratio of these three coefficients determines the relative amounts of electrostriction and 

thermalization present in the signal. 

 When the density grating is generated through electrostriction, the local fluid 

experiences compression and rarefaction during every grating period, and thus the density 

variation ∆ρ, as well as the index-of-refraction variation ∆n, changes its sign.  In 

consequence, the reflectance of the fluid has two peaks within every period because 

η∝ (∆n)2, as seen in Equation (3.6).  Therefore, the frequency of TGS signal generated 

through electrostriction is twice that of the standing acoustic wave frequency, Cs/Λ.  If 

the grating is generated by thermalization process, the fluid only experiences rarefaction, 

i.e., ∆ρ≤ 0 everywhere.  At the peak of intensity grating, ∆ρ reaches its minimum value 

and η reaches its maximum.  Therefore, the frequency of the TGS signal generated 

through thermalization is the same of the standing acoustic wave frequency.   

 Temperature can be extracted from a TGS measurement through the use of the ideal 

gas expression for the sound speed and the definition of the TGS frequency, 

 RT
M
γCs = ,  and (3.10) 

 
Λ

Cmf s
B = . (3.11) 

In the above, m = 1 and 2 for thermal or electrostrictive signals respectively.  γ=cp/cv is 

the ratio of specific heats.  M is the gram molecular mass of gas mixture.  R is the 

universal gas constant.  Combining equations (3.10) and (3.11), we can write an 

expression for the TGS experimentally determined temperature, 
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In equation (3.12), fB is measured from the TGS signal, Λ is determined by the pump 

laser wavelength and cross-angle between pump beams.  M and γ are determined by the 

major species concentrations.  In most practical combustors, hydrocarbon fuel and air are 

premixed nearly equivalently; therefore, the composition in the post flame zone are 

dominated by N2, with CO2 and H2O as products.  Therefore the M and γ values are 

usually easy to estimate.  In a diffusion flame, there can be significant difference in both 

M and γ depending upon spatial location relative to the reaction zone.  This requires that 

reasonable values of M and γ be measured in addition to the speed of sound to determine 

the local gas temperature.   

 Since the laser-induced gratings are generated by pulsed laser beams, the gratings will 

decay after the driving force disappears.  The decay of the TGS signal is due to the 

washing out of the grating, caused by diffusion of mass and energy.  From equation (3.9), 

it is possible to extract thermal diffusivity and acoustic damping rate by curve-fitting the 

TGS signals.  From the gradual decay rate, local thermal diffusivity can be extracted 

when thermal gratings are excited (Cummings, et al., 1995b).  The decaying magnitude 

of the oscillation part in the TGS signal represents the absorption of the acoustic 

intensity.  In a classical view, the energy of the sound wave is dissipated due to both 

internal friction and heat conduction.  The classical acoustic damping coefficient in a gas 

is defined as:  
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where µ is the dynamic viscosity, κ is the thermal conductivity, cp is the heat capacity at 

constant pressure and ρ0 is the gas density.  However, except for atomic gases like He or 

Ar, there exist extra modes of sound wave energy dissipation in addition to heat 

conduction and viscous dissipation.  The measured acoustic damping rates are usually 

much larger than those predicted by Equation (3.13) (Herzfeld and Litovitz, 1959).  

Experiments were performed to measure the acoustic damping rate as a function of 

pressure for various single species and Ar/He mixtures.  The results are reported in 

Chapter 6. 
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CHAPTER 4 

EXPERIMENTAL APPROACHES 

 

 The TGS experiments performed in this dissertation include two parts: 1) TGS 

thermometry and 2) TGS acoustic damping rate measurements.  All of the experiments 

use a similar optical apparatus, i.e., the so-called forward BOXCARS (Eckbreth, 1996), 

to satisfy the phase matching condition required for signal generation.  In the BOXCARS 

approach, the beams overlap only in the desired location, and thus the four wave mixing 

occurs only at a single location.  This approach provides a fine and unambiguous spatial 

resolution, which is desired in single-point measurements.  Because of this, the 

BOXCARS approach has been widely used in CARS and DFWM experiments, as well as 

the TGS experiments performed in the present work and in other laboratories.  In the 

TGS thermometry efforts, the laser beams were crossed together by a focusing lens.  

Unfocused laser beams were used in the acoustic damping rate measurements.  The trade-

offs between focused and unfocused laser beams are high beam intensity and high 

spatial-resolution with focused beams verses large probe volume, and therefore, long 

time history of TGS signals, with unfocused beams.  The nominal probe volume with 

focused beams was an ellipsoid about a couple of hundred microns wide at the widest 

point and several millimeters long, while it grew to ~ 10 mm wide and ~ 10 cm long with 

only collimated beams.   

Most of the experimental work was performed at the Applied Energy Research 

Laboratory (AERL) at North Carolina State University.  At the AERL, the high-pressure 

combustion environment seen in most practical devices was simulated inside a water-
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cooled stainless-steal chamber.  This stainless-steel chamber was also used as the high-

pressure gas cell in the acoustic damping rate measurements.  To test its potential for 

being applied to practical combustors in industry, the TGS thermometry was also 

performed at the High Pressure Combustion Tunnel Facility of the Air Force Research 

Laboratory, located at the Wright-Patterson Air Force Base (WPAFB). 

 In this chapter, the details of the TGS experiments, including equipment, optical 

apparatus, and the procedure for producing a high-pressure combustion environment 

inside the high-pressure chamber, are described.  The major concerns and experimental 

resolutions for successfully acquiring reliable TGS signals will be discussed.  It is the 

author’s wish that future readers who are interested in performing TGS experiments can 

conduct their own investigations without major difficulties after reading this chapter. 

 

4.1 Equipment 

 One of the biggest advantages of TGS over CARS and DFWM is that a tunable laser 

source (dye laser) is not required to generate the laser-induced gratings.  The reason is 

that the electrostriction process for generating density gratings is nonresonant.  This 

makes the TGS system significantly more cost effective and laser sources more flexible.  

The probe laser, used to read out the temporal evolution of the laser-induced grating, 

requires a long-pulse or continuous laser.  In the TGS experiments, the time history of 

reflective intensity of the probe beam is collected.  The signal beam has the same 

wavelength as the probe laser beam, and has the same very narrow bandwidth.  

Therefore, no spectrometer is required, unlike in CARS experiments where spectral 

resolution is required.  The time history of the TGS signal is usually from several 
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hundred nanoseconds to several microseconds, depending upon the probe volume size.  

The intensity of the TGS signal is generally very weak because it is a nonresonant 

process.  Therefore, a very sensitive and fast responding photon detector is required.   

 The equipment required for performing TGS experiments at AERL include: 

• Pulsed, Q-switched Nd:YAG laser, 

• Ar ion laser, 

• Optical table, 

• Optics (mirrors, lenses, splitter, filters, mounts), 

• Detectors (photodiodes, PMT), 

• Digital Oscilloscope, 

• Personal computer 

 A Q-switched, frequency-doubled Nd:YAG laser output is used as the source for 

generating dynamic gratings in the target gaseous mediums.  At AERL, the model of the 

Nd:YAG laser is a Surelite III made by Continuum.  The wavelength of the frequency 

doubled output of the Nd:YAG laser is at 532 nm.  The pulse rate is at 10 Hz and the 

pulse width is about 7~10 ns.  The output of the Surelite III is very powerful, up to 350 

mJ/pulse.  Considering its ~10 ns pulse width, the pulse power can be at the order of tens 

of mega Watts.  Such high power makes it possible to generate detectable gratings even 

in the weakly responding gaseous medium.  The cw laser used to read out the gratings is 

an Ar ion laser made by Spectra Physics (Stabilite 2017).  The wavelength of the probe 

beam can be chosen either as 514.5 nm or 488nm, the two most powerful outputs of an 

Ar ion laser.  The 514.5 nm line was used mostly because of the reduced chromatic 
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aberrations when using a single glass spherical lens to cross the 532 nm and 514.5 nm 

beams together.  The output power can be up to 2 W.  The laser beams from the Nd:YAG 

laser and Ar ion laser were directed by optical components such as high-reflection 

mirrors, beam splitter and prism to the investigation area.  The Nd:YAG beam is split 

into two pump beams of equal energy by a 50/50 beam splitter.  Passing through different 

optical paths, the two pump beams cross together at the investigation point.  Interference 

only happens when two overlapped laser beams are in coherence.  A laser’s coherence 

length is definite, e.g., about a centimeter for a multimode Nd:YAG laser (J. Hecht, 

1992).  The longer the overlap between two beams from the same coherence lobe, the 

stronger the intensity of the grating generated.  No interference occurs if the overlap is 

between lights with different coherence, even they are from the same laser source.  

Therefore, to generate strong TGS signals, it is extremely important that the two pump 

beams arrive the investigation point at the same time.  After being split by the 50/50 

splitter, the two pump beams go through different optics.  Therefore, very careful effort 

must be made to convert the spatial distance of the light traveling to optical path length, 

and then adjust the pump beam paths to make sure the optical path lengths of two pump 

beams be identical to each other. 

 The signal beam at the wavelength of the probe beam (514.5 nm) was directed to the 

photon detector by mirrors.  Prior to hitting the photon detector, the signal beam first 

passed through both spatial and spectral (line) filters.  The line filters at 514.5 nm will 

only allow the narrow wavelengths centered at 514.5 nm (FWHM 10 ± 2 nm) to pass 

through.  Therefore the room light and scatterings from the very powerful pump beams at 

532 nm are rejected.  The objective of using a line filter is to protect the very sensitive 
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photon detector from strong photon flux.  When the probe laser beam passes through the 

high-pressure chamber, there are also strong elastic scatterings, especially from the 

windows.  Since this 514.5 nm background noise cannot be rejected by the line filter, a 

spatial filter was employed.  A spatial filter is an aperture placed at the focal point of a 

telescopic lens pair.  Since the background scatterings are incoherent, only background 

noise sharing the same path with signal beam will be focused at the center of the aperture.  

Therefore, a spatial filter allows only very small solid angle aligned with the signal path 

to pass through.  This is not only protects the photon detector but also suppresses the 

background noise which makes the signal undistinguishable.  As mentioned earlier, 

because the temporal resolution (several hundred nanoseconds to several microseconds) 

and the weakness of the TGS signal, the photon detector needs to be sensitive and fast 

responding.  A high-speed photomultiplier tube (PMT) was used as the detector to collect 

the TGS signal.  In a PMT, the light incident on the photocathode causes electron 

emissions.  After the emitted photoelectrons are multiplied by dynodes, the photonic 

signals can be converted to electronic signals (Eckbreth, 1996).  The output of the PMT is 

acquired by a high-speed digital oscilloscope (Hewlett-Packard Infinium).  The sampling 

rate of this oscilloscope is up to 1 Gsample/second, i.e. the temporal resolution can be as 

high as 1 ns.  The oscilloscope is triggered by the output from a photodiode, which is 

responding to the scattered light of a Nd:YAG beam on one of the directing mirrors.  The 

TGS signal can be displayed on the oscilloscope for real time signal optimizing or 

imported to a personal computer through a GPIB card.  The acquired TGS signal would 

then be saved in the computer for offline analysis.  During the experimental efforts at 

WPAFB, a gated-PMT controlled by a digital delay generator (DDG) was employed to 
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further suppress the background noise and extend detector life.  The DDG is triggered by 

signals from the control panel of the Nd:YAG laser or a monitoring photodiode.  The 

signal to the PMT from the DDG makes the PMT active just prior to signal beam arrival 

at the PMT and keeps the PMT open for a time period that long enough to detect whole 

time history of the TGS signal (usually less than 1 µs).  The PMT is closed all other time 

(100 ms interval between two pulses).  Therefore, the PMT cathode is only exposed to 

the light for a much shorter period, and helps prevent saturation of the detector from 

elastic scatterings.  

 

4.2 Optical Apparatus 

 In TGS experiments, three laser beams, two pump beams and one probe beam, cross 

together at a shallow angle, where a weak signal beam is generated and then collected by 

the detector.  To make this happen, the three beams must be phase matched, i.e., they 

must satisfy the following relationship: 
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In Equation (4.1), λpump and λprobe are the wavelength of pump beams and probe beam 

respectively (532 nm and 514.5 nm).  θpump/2 and θprobe/2 are the angles of pump beams 

and probe beam between the bisection plane of the pump beams.  Since the angles are 

usually very shallow (less than 1° in many cases), Equation (4.1) is usually simplified to: 
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To generate the intensity grating, the two pump beams must be spatially and temporally 

coherent.  In the TGS experiment, the two pump beams are from the same laser source.  

The output of an Nd:YAG laser is divided by a 50/50 beam splitter into two pump beams.  

To keep the two pump beams in coherence, their optical path lengths must be adjusted 

exactly equal to each other.  Since the signal beam is very weak and washes out very 

quickly, it cannot be recognized by an unaided human eye.  To make sure the signal beam 

reach the PMT, during alignment of the TGS system, ~ 4% of the probe beam is split off 

to trace out the path of the signal beam.  Because of the phase matching, the signal beam 

has the same angle between the bisection plane of the pump beams, as the probe beam 

does.  Therefore, one actually needs to align four beams, two pump beams, one probe 

beam and one false signal beam.  The four laser beams are symmetrical distributed 

spatially, as shown in Figure 4.1.  The separations between beams with same color satisfy 

Equation (4.2).  The probe beam is not arranged at the same horizontal plane as the 

pumps for better separation of the weak signal beam from the strong pump beams.  After 

all the optics are well aligned, this false signal beam will be blocked and only three laser 

beams are input during the TGS experiments. 
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Figure 4.1 The distribution of laser beams during TGS alignment. 

 

 In TGS thermometry experiment, the two pump beams and the probe beam will be 

adjusted parallel to each other, with the separations satisfying the phase matching 

condition, Equation (4.2).  A long focus-length lens (500 mm ~ 1000 mm) causes the 

beams to cross together, while the beams themselves are focused at the investigation 

point.  To reduce spherical aberration, all the laser beams should be symmetrically 

distributed to the center of the lens (as shown in Figure 4.1).  A typical optical setup is 

shown in Figure 4.2.  One shall notice that there is extra optical path to make sure the two 

pump beams have the same optical path length to keep the coherence.  The signal beam 

needs to pass through spectral and spatial filters before reaching to the PMT. 
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Figure 4.2   Schematic of the TGS optical setup with focused laser beams. 
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 The probe volume formed with the laser beams focused through the long focal length 

lens is a long thin ellipsoid about a couple of hundred microns in diameter (at the widest 

point) and a few millimeters long.  The sound waves would propagate out of the probe 

volume before it washes out by acoustic damping.  In the acoustic damping rate 

measurements, it is desirable to observe a much longer time history of the TGS signal to 

obtain accurate decay rates.  Therefore, unfocused laser beams (the lens is removed) are 

used which generate a much wider probe volume (in the order of several millimeters).  In 

such an experiment, the laser beams are directed to the investigation region by mirrors 

rather than a focus lens.  The optical setup with unfocused laser beams is illustrated in 

Figure 4.3.  Although not shown in the figure, the false signal beam is used during the 

alignment to trace out the optical path of the signal beam and blocked during the 

experiment, just as in the focused beams experiments.  The two pump beams are adjusted 

to ensure they have identical optical path lengths. 
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Figure 4.3 Schematic of the TGS optical setup with unfocused laser beams. 

 

 The intensity of the TGS signal is proportional to the square of the gas density when 

other parameters are fixed, as shown in Equation (3.6).  In the TGS thermometry 

measurements, because of the high temperature of the combustion environment, the 

density of the target gas is usually small, typically 1/7 that of room air, and thus resulting 

in a signal strength of only ~ 2% of that at standard reference state.  To overcome the low 

gas density, high laser light density is provided by focusing the laser beams at the 

investigation point.  The laser light density can be as high as tens of GW/mm2 in the TGS 

thermometry measurements.  Under such a strong electric field, the molecules may 

become ionized, and breakdown occurs.  This breakdown may cause a strong pressure 

wave that can compromise the TGS signals.   Therefore, the pump beams energy should 
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be carefully monitored to avoid breakdown from occurring.  The small size of the probe 

volume yields a high spatial resolution.  For the acoustic damping rate measurements 

performed in this dissertation, the experiments were at room temperature, and the 

environment inside the gas cell was static and homogeneous.  Because of the high gas 

density, a lower power density will still generate sufficient signals to be detected; and 

spatial resolution is not an issue due to the homogeneity.  Therefore unfocused beams 

were used to generate TGS signals with a time history of up to 10 µs.  The laser light 

density with unfocused beams is a few orders smaller than that with focused beams.  

However, since the probe volume is much larger, the probe beam travels longer in the 

probe volume.  This helps offset the loss due to low beam energy density.  When high 

spatial resolution is required, such as in the combustion or inhomogeneous environment, 

focused beams should be used to generate the TGS signal.  The effects of sound waves 

propagating out the probe volume would be important in extracting acoustic damping 

rate.  In this case, corrections should be made to describe the enhanced TGS signal 

decaying caused by this smaller probe volume.  The TGS signal should be calculated as a 

spatial integration of scattering of the probe beam along the ellipsoid-like probe volume. 

 

4.3 High-pressure burner 

 As the TGS experiments are mostly performed in high-pressure environments, a High 

Pressure Burner (HPB) is used as the combustion chamber for the thermometry 

measurements, and the same chamber is used as a gas sample cell for the acoustic 

damping rate measurements.  The HPB is made of stainless steel, and can be operated at 

pressures up to 35 atm, a sketch of which is shown in Figure 4.4.  The chamber is 
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encased in a water jacket for cooling purposes.  The inner wall of the chamber is 12.7 cm 

in diameter.  A water-cooled, sintered bronze porous plug burner is located near the 

bottom of the vessel.  The plug is 6 cm in diameter and creates a well-characterized one-

dimensional flame.  Pre-mixed fuel-air (methane, ethylene, etc.) was introduced into the 

plug with or without a nitrogen coflow.  Flames are stabilized on the surface of the plug 

by heat transfer to the plug.  There is a needle valve at the exhaust port of the HPB.  The 

internal pressure of the HPB is regulated by adjusting the needle valve and the flowrates 

of fuel/air and coflows.  The pressure is monitored by a pressure gauge (Omega 

Engineering) with 0.25% accuracy.  To provide optical access, three 25.4 mm thick BK-7 

windows are mounted at 90° to each other in the horizontal plane.  The surface of the 

optical windows have λ/10 flatness.  

 During the thermometry experiments, a B-type thermocouple (Pt/Rh) is used to 

measure the temperature as well.  The intersection of the three incident laser beams and 

thermocouple bead are maintained at the same height above the burner surface and a 

couple of millimeters apart horizontally.  In the acoustic damping rate measurements, to 

maintain the purity of the gas samples inside the HPB, a vacuum pump is used to 

evacuate the HPB before the chamber is filled with the test gas to the desired pressure.  

This procedure is usually repeated 3 times to make sure there is little residue of 

previously tested gases. 
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(a) 

needle valved exhaust port

Water Cooling Jacket

sintered bronze plug
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H2O in H2O out

N2 Coflow fuel/air  

(b) 

Figure 4.4 High-Pressure Burner used in TGS experiment:  
(a) exterior view, (b) interior structure. 



 

 43 

 In the TGS technique, the grating spacing, Λ, is determined by the pump beams 

wavelength and their crossing angle, as shown in Equation (3.1).  The index-of-refraction 

inside the high-pressure gas cell is a function of both gas composition and pressure.  

Consequently, the pump beam wavelength and their crossing angle is also a function of 

these two properties.  To obtain temperature and transport properties, the grating spacing 

must be known accurately.  Fortunately, the wavelength and cross-angle changes 

compensate each other, and thus the grating spacing value inside the chamber will remain 

constant.  This phenomenon is explained as follows.  The refraction of one pump beam 

from the laboratory into the HPB is shown in Figure 4.5.  The wavelengths of the pump 

beams inside and outside the high-pressure gas cell are related via: 

 L
cell

L
cell n

n
λλ =   . (4.3) 

From Snell’s Law: 

 ( ) ( ) ( )cellcellWWLL nnn βββ sinsinsin ==   . (4.4) 

Here β is the half angle between two pump beams.  Combining Equations (4.3) and (4.4), 

we can rewrite Equation (3.1) as: 
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From Equation (4.5), it is clear that the grating spacing, Λ, is determined entirely by the 

pump beam wavelength and their crossing angle.  Therefore, without changing pump 

beam separation, the grating spacing will remain the same, even as the gas composition 

and pressure change inside the HPB.  Practically, the value of the grating spacing can be 
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calibrated from the signal from alignment gas sample and then used to interpret all other 

TGS signals acquired during the same operation. 

   

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Schematic of the path of one of the pump beams as it passes from the 
laboratory through the window into the high-pressure gas cell.  The angles 
and indices of refraction needed for Snell’s law are denoted by βi and ni, 
respectively.  The angles are not drawn in scale.  Also note that the 
wavelength changes in each material. 

 

 

4.4   Experimental notes 

 The idea of the TGS technique is relatively simple, but the process of performing 

TGS experiment is not easy at all.  Having a good alignment of the laser beams is the 

most important step for getting TGS signals.  One necessary condition for generating 

TGS signal is that the pump beams and probe beam satisfy the phase matching condition, 

Equation (4.2).  The beams must be very carefully aligned during the first step of 
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alignment.  In Equation (4.2), it is obvious that the crossing angle between two pump 

beams θpump and the crossing angle between probe beam and false signal θprobe are the 

parameters to be determined during the alignment when the laser sources for pump beams 

and probe beams are fixed.  It is very hard to spatially measure or monitor angles, so the 

spatial separations between the two beams with same wavelength are used as the 

parameters for doing alignment.  The relation between the crossing angle and the beam 

separation can be expressed as: 

 




= −

L
X
2

tan 2    1θ . (4.6) 

The description of θ, X and L can be found in Figure 4.6.  For focused beams setup, L is 

the focal length of the focusing lens.  Since θ is usually very shallow (< 1°), Equation 

(4.6) can be approximated as: 

 
L
X    =θ  . (4.7) 

Therefore, in the case when we keep L the same for pump beams and probe beam, by 

inserting Equation (4.7) into Equation (4.2), the phase matching condition can be 

approximated as: 
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Figure 4.6 The relation between cross-angle θ and beam separation X. (L is usually 

kept as the same vale for either Nd:YAG beams and Ar ion beams) 

 

Since during the TGS experiment, the pump beams and probe beam start crossing 

together at the same position, i.e., Lpump=Lprobe, the parameter for determining phase 

matching is then the beam separation, Xpump and Xprobe.  Therefore, the first step of 

alignment is to adjust the four laser beams parallel to each other, as shown in Figure 4.1, 

with the spatial separations between Nd:YAG beams and between Ar ion beams 

satisfying Equation (4.8).  This is the very critical and fundamental step for successfully 

getting TGS signal, based on the author’s experiences.  The effect of a misalignment in 

this step is very unlikely to be made up or recovered by efforts made on later alignment 

steps.  Without this step well done, it is almost impossible to get a TGS signal.  This step 

might be very tedious and time-consuming, but it is never enough to address the 

importance of this step. 
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 To offset the loss of density caused by high temperature, the laser beams are crossed 

together by a focusing lens in TGS thermometry experiments.  To minimize the spherical 

aberration, four laser beams should be well distributed around the center of the focusing 

lens (Figure 4.1).  Even with the most careful efforts to align the four laser beams parallel 

and the separations satisfy the phase matching condition, there are unavoidable errors on 

Xpump and Xprobe.  To eliminate these errors, a pinhole (50 µm ~ 100 µm) is used to make 

sure the laser beams all cross at the same spatial location, thus assuring proper phase 

matching.  The pinhole is placed at the crossing point (focal point of the lens).  During 

alignment, the pump beams energy must very low otherwise the beams will burn a hole 

on the pinhole.  With very careful efforts in the previous alignment step, one can usually 

move the pinhole with at least two laser beams passing through (the author prefers these 

two beams as pump beams).  Then other beam(s) are adjusted to pass through the pinhole 

as much as possible.  After this step, the four laser beams are crossed together at a fairly 

high spatial resolution and their spatial separations pretty much satisfy the phase 

matching condition.  Downstream of the probe volume, the signal beam is picked off with 

a mirror and is sent through the spatial and spectral filters to the PMT.  Because the false 

signal used for alignment is many orders of magnitude stronger than the signal, care must 

be taken to make sure the PMT is not damaged.  However this is not the end of alignment 

procedure even when all previous steps have been done with the most careful efforts.  

Final effort is still needed by optimizing the output from the PMT.  TGS signals are 

usually obtained and optimized from a high pressure, static environment from gas species 

with the properties well known, such as air, N2 or CO2.  With all previous alignment steps 

have been completed very carefully, one may get a hint of the TGS signal at this time.  
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Further improvements in signal strength can be made by finely adjusting the mirrors for 

laser beams.  The ultimate judgment of good phase matching is a strong TGS signal.  The 

most effective way of optimizing the TGS signal is to rotate the probe beam while 

monitoring the output from PMT on the oscilloscope.  The phase matching can be judged 

by observing the waveform of the TGS signal.  Figure 4.7 shows some examples of TGS 

signals when phase matching is well and not-so-well satisfied.  The waveform (a) in 

Figure 4.7 is a TGS signal with phase matching condition well satisfied.  It is observed 

that the maximum value happens at the first peak.  This indicates that the probe beam 

shines on the center of the probe value.  Waveforms (b) and (c) are TGS signals with the 

probe beam located outside of the probe volume.  In waveform (c), the probe beam is 

way off center of the probe volume, further than that in waveform (b).  When a waveform 

like (b) or (c) appears during signal optimization, one shall horizontally adjust the probe 

beam, move it to center of the probe volume.  When the TGS signal appears like the 

waveform (a), one may vertically adjust the probe beam to further optimize the signal.  

One may also need to rotate the pump beams; the author suggests only vertically rotation 

to get the two pump beams very well overlapped.  When it is necessary to adjust the 

pump beams horizontally to get good signal, it might be easier to redo the entire 

alignment.  Also, one shall keep in mind that work on one beam at a time and don’t try to 

recover the signal by adjusting another beam, this will only make the signal become 

unrecoverable. 
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Figure 4.7 Sample of TGS signals. (a), well phase matched. (b) probe beam off probe 

volume center. (c) probe beam off probe volume center further. 

  

In the experiments for measuring acoustic damping rate, unfocused laser beams are 

preferred.  The laser beams are directed to cross together by mirrors.  Phase-matching 

condition, Equation (4.7), must be satisfied during the alignment.  However it is much 
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more difficult to make four laser beams cross together symmetrically than make them 

parallel to each other.  In such experiments, an approximate, but much more convenient 

procedure, was conducted to make four laser beams cross together in a phase matching 

pattern.  Like the experiments with focusing lens, the four laser beams are aligned 

parallel to each other and the crossed together by a focusing lens.  A pinhole or an 

aperture is placed at the cross point as a mark of the investigation point.  Then the lens is 

removed and four laser beams are parallel to each other again and distributed 

symmetrically (Figure 4.1) around the pinhole or the aperture.  The four laser beams are 

then adjusted to the pinhole or aperture by rotating the directing mirrors.  At this point the 

laser beams are crossed together symmetrically but not strictly phase matched.  

Following procedures such as directing the false signal into the PMT are the same with 

focused beams effort, with more careful efforts on optimizing the TGS signal.  The 

focused laser beam energy density is orders of magnitude higher than that of unfocused 

beams and therefore it is necessary to have higher laser output and higher target gas 

pressure during signal optimization when using unfocused beams.  As mentioned earlier, 

the laser beams don’t necessarily satisfy the phase matching condition at this point, so 

output from the PMT will be very weak.  To optimize the TGS signal, it is necessary to 

adjust the probe beam horizontally until the beams are phase matched.  Further efforts 

should be performed on adjusting the probe beam and the pump beams vertically.  Since 

the previous alignment of the false signal is granted under loosely phase matching, it is 

necessary to put more effort into adjusting the signal beam path after adjusting the 

directing mirrors to optimize TGS signal.  The procedure described above doesn’t follow 

the phase matching condition strictly; nonetheless, it is usually possible to get a well 
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phase matched TGS signal finally.  Since the probe volume in this case is much larger 

than that generated using focused beams, the waveforms (b) and (c) is Figure 4.7 are less 

likely to be observed even if the probe beam is displaced from the center of probe 

volume. 

 The signal beam is directed into a fast PMT after passing through spatial and spectral 

filters.  To further suppress the background noise and extend detector life, the PMT could 

be gated, i.e., using a digital delay generator (DDG) to control the PMT.  The DDG is 

triggered by signals from the control panel of the Nd:YAG laser or a monitoring 

photodiode.  The signal to the PMT from the DDG makes the PMT open right before the 

signal beam arrives at the PMT and keeps the PMT open for a time period that is long 

enough to detect the whole time history of the TGS signal (usually less than 1 µs when 

using focused beams).  The PMT is closed at all other times (100 ms interval between 

two pulses).  Also one shall notice that if an interference line filter is used as the spectral 

filter, great care must be taken to ensure the filter itself is normal to the signal beam to 

get the best results.  After adjustment of the probe beam, the spectral filter generally 

requires some tweaking to maximize the signal throughout.  The result of this tweaking 

can be monitored on the oscilloscope, with increased signal intensity, suppressed 

Nd:YAG pike, and usually increased dc offset caused by the Ar ion scattering 

background.  Sometimes, a neutral density filter must be added to the signal path to avoid 

the saturation of the PMT, keeping the TGS signal intensity within the linear range of the 

PMT. 

 The grating spacing Λ is determined by the spatial separation and wavelength of the 

pump beams.  However, it is very hard to give an accurate reading of the separation of 
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the pump beams and this separation is usually changed a little bit during the alignment.  

Therefore the grating spacing Λ is usually calibrated experimentally rather than 

calculated geometrically.  A pressurized gas, usually air or CO2, in the HPB is used to 

generate a TGS signal via electrostriction response and the signal is optimized.  This 

signal can be analyzed to accurately calibrate the grating spacing Λ.  Under such 

conditions, the temperature and species concentration are well known, and the signal 

frequency can be calculated from the TGS signal using a Fast Fourier Transform (FFT), 

and then using Equation (3.12), the grating spacing Λ can be calculated.  From Equation  

(4.5), it is known that the grating spacing Λ doesn’t change with the composition and 

pressure inside the chamber; therefore the grating spacing Λ is the same if no further 

adjustment to the separation of the pump beams is made. 
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CHAPTER 5 

TGS THERMOMETRY MEASUREMENTS 

 

 The TGS technique is a usable technique to measure gaseous phase temperature in a 

pressurized combustion environment due to its many characteristics, such as signal 

intensity increasing quadratically with pressure, the nonresonantly generated signal is 

coherent and the technique is temporal frequency based as opposed to amplitude based, 

etc.  These characteristics make the TGS thermometry attractive over other, more mature 

laser diagnostic techniques, such as CARS or DFWM which have been used previously 

in high-pressure environments.  The presented works on the TGS thermometry started 

from August 1997.  In these TGS thermometry experiments, only focused beams were 

employed, providing strong signals and good spatial resolution.  Most of the work was 

performed in a High Pressure Burner (HPB) at the AERL of NCSU.  The structure of the 

HPB was discussed previously.  The high-pressure combustion environments were 

generated by a water-cooled sintered bronze porous plug burner.  The laser beams are 

crossed together above the surface of the plug, and the height can be adjusted by raising 

or lowering the HPB.  In the experiments, the HPB is first used as a high-pressure 

chamber filled with a gas sample such as air or CO2 to optimize the alignment.  The 

acquired signal is then used to calibrate the grating spacing Λ.  The fuel/air mixture is 

ignited by an electric spark with the flow rates of fuel (methane, ethylene, CO, etc) and 

air metered with mass flow meters.  The desired pressure inside the HPB is achieved 

through an iterative process: stabilize the flame; decrease exhaust flowrate by adjusting 

the valve at exhaust port; adjust the flowrates of fuel and air to while maintaining the 
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desired equivalence ratio.  TGS thermometry measurements were also performed at the 

High Pressure Combustion Tunnel Facility at Wright-Patterson Air Force Base.  In this 

chapter, analysis of the signal is discussed first, followed by selected results with 

discussions and the uncertainty analysis.  Finally, the difficulties and suggestions of 

applying TGS thermometry to large-scale combustors are given. 

 

5.1 Signal Analysis Approaches 

 As discussed in Chapter 3, the transient grating signal is proportional to the square of 

the induced density change, ∆ρ2.  The density change can be expressed as: 

 ( ) ( ) ( )( ) ( ) ( )tttqCtAQqDBtqDAt Bradst ωβρ cos exp  exp  exp  22222 −Γ−+++−+−=∆ .  (3.9) 

When pump lasers with nanosecond or longer pulsewidths are employed, it is necessary 

to perform a convolution of the hydrodynamic response with the laser pulse shape, glas(t).  

In practice, a suitable fit function, f(t), for the TGS signal can be constructed as: 

 )(    )(      )( 2 ttgtf las ρ∆∝ o , (5.1) 

where glas(t) is usually taken to be a Gaussian.  The open circle denotes a convolution 

over positive values of the time.  Equation (5.1) assumes that the pump laser beams arrive 

in the target zone simultaneously.  If one beam is delayed with respect to the other, then 

the above relation must be modified.  Numerically, this expression is best evaluated using 

fast Fourier transforms (FFT) and the convolution theorem (J. Walker, 1996).  To avoid 

numerical noise problems, evaluation of Equation (5.1) using FFTs should include the 

advice found in Press, et al. (1992).  That is, the number of data points should equal 2n 

where n is an integer, the end of the data string for ∆ρ should be padded with zeroes, and 
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glas should be wrapped about t = 0.  TGS thermometry has been achieved by numerically 

fitting the function f(t) to the acquired data, in particular time-averaged data (Cummings, 

et al., 1995a, and 1995b).  This approach necessarily requires the use of a nonlinear 

fitting routine which in turn requires reasonable guesses for the fit parameters (A, B and 

C in Equation 3.9).   

 One of the requirements for application of TGS thermometry to practical and/or 

large-scale facilities is the capability to rapidly record and analyze single-shot 

measurements that, if needed, can be analyzed for time-average behavior afterwards.  The 

single-shot acquisition mode enables real-time signal analysis as well as easy 

discrimination against spurious signals such as electronic noise and optical breakdown 

events.  Real time signal analysis requires rapid signal analysis algorithms.  To affect 

thermometry, it is sufficient to determine the Brillouin frequency, ωB, (or period) of the 

signal.  Two analysis approaches have been found to be satisfactory in measuring the 

signal frequency on single-shot data acquisitions in real time.  Both methods take 

advantage of the processing speeds of discrete fast Fourier transform (FFT) routines.  The 

first calculates the power spectrum from the absolute value squared of the FFT of the 

signal and the second calculates the autocorrelation of the signal directly from the signal 

FFT.  A peak finder can then be used to find the center of the Brillouin feature in the 

power spectra (a direct measure of ωB), or the successive peaks in the signal 

autocorrelation (a direct measure of the period, τ = 2π/ωB).  The analysis bears some 

similarities to that used in analyzing the light scattering bursts of two-beam particle 

sizing.  The signal autocorrelation can be used to discriminate true transient grating 

signals from spurious signals.  The autocorrelation of a true transient grating signal will 
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possess equally spaced oscillations.  A simple false signal rejection test can be 

constructed by demanding that the temporal differences between successive oscillations 

agree to within some fixed percentage. 

Single-shot data traces are sometimes compromised by equipment limitations and 

physical processes other than the forced light scattering of transient grating signal 

generation.  Notably, if the signal exceeds the 8-bit dynamic range of the oscilloscope, 

then its period is difficult or impossible to measure.  Similarly, when laser-induced 

breakdown events occur, the transient grating signal becomes swamped by a signal with a 

significantly longer period and the desired induced-grating period is difficult to 

determine.  Algorithms for real-time on-the-fly determination of whether or not a given 

signal is legitimate and analyzable have been investigated.  These routines are run on the 

pc after the acquired trace has been transferred from the oscilloscope.  First, the signal 

amplitude is checked to ensure that it exceeds the electronic noise level. This 

discriminates against false triggers.  Second, the signal amplitude is checked to ensure 

that the dynamic range of the oscilloscope was not exceeded.  If these two conditions are 

met, a low pass filter is applied.  Since any transient grating signal period equal to or 

shorter than the pulsewidth of the pump laser cannot be determined, a convenient cutoff 

frequency for the low pass filter is given by the reciprocal of the pump laser pulsewidth 

(~10 ns).  The tail of a given signal trace often contains components of linear light 

scattering along with electronic noise.  To facilitate determination of the desired signal 

period, a window (Gaussian or Hamming) is applied to the filtered signal to force the 

signal tail and pre-trigger portion of the trace to zero.  After filtering and windowing, the 

autocorrelation of the signal is calculated using FFT routines.  The length of the first n 
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periods of the autocorrelation are examined for consistency.  For example, 3 periods 

could be examined to see if they agree to within, say 10%.  The value of n and the 

agreement figure of merit are varied as needed in practice.  If the signal shows 

autocorrelation consistency, then the transient grating period is found either from the 

average value of the autocorrelation periods or from the Brillouin peak in the power 

spectrum.  In practice, both approaches have worked well.   

 Theoretically, temperature can be extracted from single-shot TGS signals.  However, 

trying to get TGS signals, and therefore extracting temperatures, are much more difficult 

in a large-scale high-pressure combustion environment because there exists various 

interruptions that could comprise the collected signals.  Unavoidably in a combustion 

environment, the presence of flow and temperature fields would cause the distribution of 

density fields in the investigation area.  Fluctuations of the density and density gradients 

in the combustors produce beam steering, i.e., the laser beams propagation will deviate 

their original optical paths (Eckbreth, 1996).  Beam steering events in a reacting flow 

always cause disturbance to laser diagnostics, especially in amplitude-based techniques.  

More specifically in TGS thermometry, it can make small changes in the grating spacing 

if both pump beams are not steered in a parallel manner.  Therefore for some of the 

single-shot TGS signals, beam steering would compromise the phase matching needed to 

generate a true TGS signal.  Meanwhile, the very high focused pump beams energy may 

cause breakdown at the focal point, accompanied by a strong pressure wave.  This 

pressure waves caused by laser-induced breakdowns would also cause compromised TGS 

signals.  To derive the desired thermometric information from acquired TGS signals, a 

large number of signals are collected and then the histogram of the distribution of signals 
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for each TGS thermometry experiment is analyzed.  Analysis of a series of single-shot 

temperature measurements in a histogram format prevents any biasing of the mean 

temperature measurement due to various disturbances.  The true temperature would be 

the center peak of a probability density function, pdf, of the temperature histogram from 

single-shot signals.  Disturbances would affect the width of the temperature distribution 

but should not change its peak position. 

 

5.2 Selected Results and Discussions 

 In the HPB, the fuel and air were metered with high-pressure mass flowmeters and 

mixed before entering the HPB.  The temperature was monitored with a B-type 

thermocouple simultaneously.  From Equation  (3.12) it is evident that both the molecular 

weight, M, and specific heat ration, γ, are needed for calculating the temperature from 

TGS signals.  These two parameters are estimated based on simple chemistry 

considerations.  Both M and γ are simple sums of the corresponding values for the major 

gas mixture components weighted by the relative mole fractions and γ exhibits an explicit 

temperature dependence as well.  For hydrocarbon/air flames, the ratio does not vary 

greatly with either equivalence ratio or temperature.  For example, in Table 5.1 below, 

the calculated values for M/γ are shown for ethylene/air flames over the ranges of 

equivalence ratios between 1 and 2 and temperatures between 1000 and 2000 K.  The 

percentage difference of these M/γ values with respect to the value at an equivalence ratio 

of 1.5 and T = 1500 K are shown in parenthesis for each table entry (Brown and Roberts, 

1999).  As seen, these values differ by 10% or less over the full range.  For other 
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hydrocarbon/air flames, the results are quite similar.  They reflect the fact that for any of 

these flames, the major exhaust gas constituents will be N2, H2O, and CO2.  Therefore, in 

TGS thermometry in premixed hydrocarbon/air flames, it would be quite reasonable to 

give an estimation of the M/γ values without causing large errors of the extracted 

temperature. 

 
Equivalence 

Ratio 1000 K 1250 K 1500 K 1750 K 2000 K 

1.00 21.79 

(-6.9) 

22.08 

(-8.1) 

22.27 

(-8.9) 

22.37 

(-9.3) 

22.47 

(-9.7) 

1.25 20.88 

(-2.8) 

21.14 

(-4.1) 

21.32 

(-4.9) 

21.46 

(-5.5) 

21.55 

(-5.9) 

1.50 19.84 

(2.2) 

20.12 

(0.8) 

20.28 

(0.0) 

20.41 

(-0.6) 

20.53 

(-1.2) 

1.75 18.98 

(6.9) 

19.23 

(5.5) 

19.38 

(4.7) 

19.49 

(4.1) 

19.65 

(3.3) 

2.00 18.18 

(11.6) 

18.42 

(10.1) 

18.59 

(9.1) 

18.69 

(8.5) 

18.87 

(7.5) 

 
Table 5.1 Absolute values of M/γ (g/mol) ratio for ethylene/air flames calculated using a 

1-D flame code (CET89). Values in parenthesis are the percentage difference 
of M/γ values with the value at equivalence ratio 1.50 and T = 1500 K.  

 

 The TGS signals were taken from flames over a wide range of pressure and equivalence 

ratio.  Because of the harsh environment, the single-shot signals are usually ragged and 

with considerable noise.  Figure 5.1 is an example of a single-shot transient grating signal 

recorded in a high-pressure porous plug burner.  This is one of a sequence of 1000 single 

shots made ~1 cm above the burner surface.  The burner was operated with a 
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stoichiometric mixture of ethylene/air at 6.4 atm. The low-pass filtered signal is also 

shown in Figure 5.1.  The corresponding power spectrum is shown in Figure 5.2 where 

the Brillouin feature is clearly seen.  The pdf for the 1000-shot sequence is shown in 

Figure 5.3.  Signals were rejected if their first two periods in the autocorrelation differed 

by more than 15%.  Based on this criteria, 860 of the 1000 shots were deemed legitimate.  

Reducing the allowable percentage difference does not change the peak position of the 

temperature distribution.  The full width at half maximum decreases slightly from 162 K 

to 147 K when changing the criteria from 15% agreement to 5%.  For the pdf shown in 

Figure 5.3, the mean temperature is 1221 K as determined from the shown Gaussian fit.  

∆TFWHM/T thus amounts to 162/1221 = 13%.  The raw data exhibited a fractional spread 

in the measured signal periods of δτ = 6.5%.  The experimental grating spacing (Λ = 25 

µm) and its uncertainty (δΛ = 1%) were determined by making a room air calibration 

measurement in the burner chamber prior to ignition of the flame.  A B-type 

thermocouple was placed near the beam overlap volume at the same height above the 

burner surface during these measurements.  The thermocouple indicated a radiation 

corrected temperature of 1275 K ± 60 K, which is quite consistent with the TGS 

thermometry.  In the temperature histograms like Figure 5.3, there may also appear peaks 

caused by laser-induced breakdown and electronic noise.  The resulting frequencies 

generated by laser-induced breakdown are usually very low, yielding temperatures less 

than 200 K.  The calculated “temperature” from electronic noise, on the other hand, could 

be as high as 10,000 K.  Such high or low temperatures are easily distinguished from the 

real flame temperature. 
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Figure 5.1 Single-shot transient grating signal recorded in the exhaust gases above a 

laboratory flat flame burner. 
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Figure 5.2 Power spectrum for the filtered signal shown in Figure 5.1 after application 

of a Gaussian window. 
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Figure 5.3 PDF of the extracted temperatures for a series of 1000 shots taken at 4 Hz. 

The solid line indicates a Gaussian best fit. 

 

Laser-based measurements in sooting environments are often difficult due to 

scattering and signal absorption.  However, in TGS, the presence of soot provides the 

mechanism for grating generation through thermalization.  The incident photons can be 

absorbed by the near blackbody soot particles, raising their temperature to near their 

vaporization point.  This heat is transfer to the local gas through either convective heat 

transfer or mass transport from the vaporization of soot (mostly C2 species).  Thus, as the 

flame becomes richer, the TGS signals are usually dominated by thermalization.  

Therefore in sooty flames, local index-of-refraction modulation is mainly through 

thermalization rather than electrostriction.  However, high soot volume fraction may 

cause a change in the local M/γ value due to the presence of these C2 species in the gas 

phase, and therefore the calculated temperature.  It has been previously noted that care 
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must be taken when analyzing transient grating signals in sooting environments due to 

potential laser-driven gas composition changes (Brown, et al., 1999).  Collection of the 

data in single-shot format along with the autocorrelation-based screening discussed above 

followed by a pdf analysis makes it possible to distinguish legitimate signals from highly-

biased signals and obtain meaningful temperature measurements.  An example of a 

temperature pdf acquired in a sooting environment is shown in Figure 5.4.  The data was 

collected in the post-flame gases of the high-pressure burner.  A rich ethylene/air flame 

(equivalence ratio of 1.3) was held at 6.9 atm and yielded a thermocouple measurement at 

the same downstream position as the laser probe volume of 1210 ± 60 K.  The pdf is 

derived from a sample of 160 shots taken from a sequence of 1000 shots.  The min/max 

and autocorrelation screening (based on 10% consistency of first two periods in 

autocorrelation) rejected the majority of the shots, some of which indicated breakdown.  

With a Gaussian fit, the pdf yields a mean temperature of 1275 K with a full width of 

680K making ∆TFWHM/T = 0.53.  
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Figure 5.4  PDF for a rich ethylene/air flame. Large spread in distribution indicates 

fluctuations in the local composition. 

 

To test the application of the TGS thermometry on practical high-pressure 

combustors, TGS thermometry experiments were performed on the high-pressure 

combustion tunnel facility at WPAFB.  In these experiments, the pump beams were 

provided by a Quanta Ray YAG that produced 275 mJ/pulse at 532 nm while injection 

seeded.  An Innova 90 Ar ion laser initially provided a 1.6 W probe beam at 514.5 nm.  

The temperature of a flowing heated air stream temperature was measured in this facility.  

The width of test section of the rig is more than 1 m.   On each side of the rig, there are 

two windows (7 cm and 2 cm in thickness) mounted for optical access.  Because of the 

large scale of the facility, longer optical beam paths were provided by using a focusing 

lens with a focal length of 0.9 m and a detector standoff distance of 2 m.  Figure 5.5 
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shows an example of a single-shot signal acquired in this setup.  This waveform yields a 

temperature of 433 K.  A pdf of a sequence of 160 shots taken at 6.5 atm is shown in 

Figure 5.6 along with a Gaussian fit to the distribution.  The fit has a mean value of 470 

K with a spread of 67 K (full width at half maximum) making ∆TΦΩΗΜ/T equal to 14.2%.   
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Figure 5.5 Typical single-shot signal recorded in flowing heated air. The signal was 
generated through electrostriction under nominal conditions of 6.8 atm and 
433 K. 
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Figure 5.6   PDF for temperatures extracted from 160 single-shot measurements in 
heated air at 6.5 atm.  A thermocouple reading indicated a temperature of 
472 K.  A gaussian fit to the PDF is indicated by the line through the data. 

 

At WPAFB, the use of a seeded Nd:YAG laser as the pumps provides a substantial 

improvement on the TGS signals.  The laser pulse from a seeded Nd:YAG laser is in a 

smooth, Gaussian shaped temporal envelope through a technique known as injection 

seeding.  The coherence length of a seeded Nd:YAG laser is orders of magnitude longer 

than that from a multimode Nd:YAG laser, thus the intensity grating formed by the pump 

beams from a seeded Nd:YAG is stronger.  Furthermore, the grating spacing that is 

written by the single mode pump beams is stable while the grating spacing that is written 

by multimode pump beams may oscillate because of the difference in the wavelength 

from each mode. In consequence, the Bragg scattering efficiency is higher for the 

gratings written by single mode beams.  Therefore, using seeded Nd:YAG laser as pump 
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beams will yield stronger TGS signals than that from multimode pump beams.  Figure 5.7 

shows a comparison of TGS signals generated by a seeded and an unseeded Nd:YAG 

laser in ambient air.  All other parameters, including the incident laser energy, were held 

constant.  Here, the signal intensity generated by a seeded Nd:YAG laser is about 5 times 

stronger than that generated by an unseeded Nd:YAG laser.  The frequencies of both 

waveforms are clearly the same. The reason is that the characteristic period of TGS signal 

is much longer than the pump pulse width; therefore, any mode noise in the pump laser 

has no discernible affect on the power spectrum of the signal.   
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Figure 5.7 TGS signals in ambient air (295 K, 1 atm) by seeded and unseeded Nd:YAG 

lasers. Both signals were generated by the non-resonant process of 

electrostriction. 
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5.3 Signal Uncertainty Analysis 

In TGS thermometry, Equation (3.12) is used to calculate the temperature from the 

measured TGS signal.  Here Equation (3.12) is written in the form of the signal period: 

 
R

M
m

1      1      T 2

2

2 γτ
Λ= , (5.2) 

where: 
mCs  

     Λ=τ  is the TGS signal period, and m = 1 for thermalization or 2 for 

electrostriction.  Equation (5.2) is used to determine a temperature from each single-shot 

signal in a real time analysis. 

As each signal is recorded and processed to determine a temperature, a probability 

distribution function, pdf, can be built up from the set of inferred temperatures.  It is 

important to understand the width of the inferred temperature distribution.  Application of 

the rules for random uncertainty propagation leads to the following expression for the 

spread in the extracted temperatures, ∆TFWHM, 

 ( ){ } 2/1222            4        m
FWHM

T
T δδδτ ++=∆

Λ , (5.3) 

where: 

δτ = ∆τ / τ; relative uncertainty in the signal period, 

δΛ = ∆Λ/Λ; relative uncertainty in the grating spacing, and 

δm = ∆(M/γ) / (M/γ); relative uncertainty in the mass to specific heat ratio. 

 

The uncertainty δτ is due to the numerical uncertainty in extracting the period from a 

finite sequence of noisy data.  It comes from the variation of the period calculated from 

each oscillation ring of a TGS signal.  Enough oscillation rings (at least 4) from the TGS 

signal waveform are required to calculate the period reliably.  Waveforms with less than 
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4 peaks should be discarded.  The uncertainty δΛ has two components: 1) a “dc” 

component due to uncertainty in the measurement of the grating spacing during 

calibration.  This component can be made quite small (< 1%) in practice; and 2) a second 

“ac” component due to presence of beam steering.  In certain cases, beam steering was 

found to produce angular deviations of the incident pump and probe beams of ~ 500 µrad 

as they traversed the high-pressure cell.  Extreme deviations will destroy the phase-

matching condition necessary for signal generation in the first place, i.e., no TGS signal 

could be detected when beam steering severely affects phase matching.  The uncertainty 

δm reflects any ignorance in the exact gas composition in the probe volume and any shot–

to-shot changes in this composition.  The error due to ignorance of the mean gas 

composition is small for hydrocarbon/air flames in the post flame region because it is 

dominated by nitrogen, carbon dioxide, and water.  This error leads to a shift in the peak 

position of the temperature distribution while the shot-to-shot changes/uncertainties 

affect the width of the temperature distribution.   

The amount of beam steering required to destroy the phase matching condition can be 

calculated from simple geometric considerations.  The phase matching condition, as 

shown in Figure 5.8, can be written in vector form as: 

             qkk prsig
rrr

+=   with               21 pp kkq
rrr +=  (5.4) 

where sigk
r

, prk
r

, qr  and pik
r

 denote the wavevectors for the signal beam, probe beam, 

grating and pump beams, respectively.  Using the law of cosines, the magnitude of the 

signal wavevector is found from: 
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Figure 5.8 Phase-matching vector diagram. In practice, the grating wavevector, q, is 
determined by the pump beam intersection. θpr is then dictated by the phase 
matching constraint. 

 
 
 
 

    )cos(   2             22 αqkqkk prprsig ++=  with   prθπα         −=     (5.5) 

A similar expression can be written for the magnitude of the grating wavevector 

 ( )    )cos(   2    2       22
pppp kkq θθ += . (5.6) 

If either θp or θpr are changed independently away from their optimal phase matching 

values, phase mismatch will occur reducing the strength of the diffracted (signal) beam.  

The phase mismatch, ∆Φ, can be calculated from: 

 

k p1

k p2 kpr

ksig

θθθθ θθθθ

αααα

p prq

k p1k p1p1

k p2k p2p2 kprpr

ksigsig
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( ) ( )    L)cos(   2        k     22
 sig 



 ∆±−∆±+∆±+−=∆Φ prprppprpppr qkqk θθπθθθθ ,  

  (5.7) 

where L denotes the length of the grating as determined by the pump beam overlap 

volume.  For a phase mismatch of ∆Φ = π/2.515, the signal beam intensity will be 

reduced by a factor of 10. Since typical signal-to-noise ratios are on the order of 5 or 10 

to 1, such an extreme phase mismatch would lead to no measurable signal.  Using 

Equation (5.7) with ∆Φ set equal to π/2.515, θp and θpr are solved independently to find 

the maximum allowable beam steering for the experimental conditions that generated the 

temperature pdfs in two cases as shown in Figure 5.3 and Figure 5.6.  For the flame data 

in Figure 5.3, Λ = 25 µm, L = 3 mm, θp = 21.3 mrad, and θpr = 20.6 mrad.  Under these 

conditions, the maximum allowable probe beam wander is ±1.7 mrad while the maximum 

allowable pump beam wander is ±1.1 mrad.  This value for the pump beam wander 

corresponds to a signal reduction of a factor of 10 but a grating wavelength change of 

only ±5.5%.  Therefore, the impact of beam steering is primarily a reduction in signal 

strength, not a change in grating period.  Also note that the allowable angular deviations 

are larger than those observed (0.5 mrad) during the experiment.  For the heated air flow 

data in Figure 5.6, Λ = 39 µm, L = 5 mm, θp = 13.6 mrad, and θpr = 13.2 mrad.  The 

maximum allowable beam deviations are ±1.5 mrad for the probe and ±1.0 mrad for the 

pump.  The pump beam deviation corresponds to a grating wavelength change of ±6%. 

The phase-matching condition does contain a little “flexibility” due to the fact that the 

lasers employed are not truly monochromatic and have a finite spatial profile and finite 
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beam divergence.  These non-idealities lead to small spreads in the wavevectors, pk
r

 and 

prk
r

 for the pump and probe beams even for fixed angular separations.  However, since 

the beam intensities have a peaked distribution about both the central wavelength and the 

transverse spatial direction, this flexibility is small.  

As already mentioned, TGS thermometry requires knowledge of the local molecular 

weight to specific heat ratio, M/γ.  When making measurements in a reacting flow, 

particularly in a practical device, one typically has no fine control over the molecular 

weight to specific heat ratio.  As discussed in the previous section, given the fuel to air 

ratio, a value for M/γ can be estimated for the reaction and post-combustion zones.  Since 

the local speed of sound is dependent upon the major species present, a rather coarse 

estimate can be used to obtain high quality temperature measurements.  Assigning an 

uncertainty to this estimate, Equation (5.3) can then be used to estimate the affect on the 

extraction of the local temperature.  As a numerical example, we consider two 

components (one heavy and one light) of a hydrocarbon fuel burned in air.  Using decane, 

C10H22, as the heavy component (mol. wt. = 142.3 g/mol) and ethane, C2H6, as the light 

component (mol. wt. = 30.1 g/mol) the values for the M/γ ratio were found at 1000 K for 

two conditions: 1) 100% of air present for complete combustion, and 2) 90% of air 

present.  The results are summarized in Table 5.2 below.  As seen, a 10% change in the 

fuel/air ratio results in a change of less than 1% in the molecular to specific heat ratio for 

a light and heavy hydrocarbon fuel component.  Such a change or uncertainty in this ratio 

results in an error in the extracted temperature of less than 1%. 
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 100% air 

M/γ 

90% air 

M/γ 

∆(M/γ) ∆(M/γ)  /  M/γ 

ethane 28.244/1.296 

= 

22.79 

28.311/1.300 

= 

21.78 

 

0.01 

 

0.05 % 

decane 28.710/1.296 

= 

22.15 

28.731/1.300 

= 

21.10 

 

0.05 

 

0.2 % 

 

Table 5.2   Mass to specific heat ratio for products of combustion in air at 1000 K.  

 

The information in Table 5.2 shows the relative insensitivity of the M/γ ratio for 

fractional changes in the major species present.  For fixed composition, this ratio is also 

rather insensitive to changes in the local temperature.  The results of M/γ ratio and the 

sound speed for the combustion products of a stoichiometric mixture of decane and air at 

three temperatures spanning a range of a factor of four are shown in Table 5.3.  Relative 

to the nominal value at 1000 K, the M/γ ratio changes by less than 4% as the temperature 

drops to 500 K or rises to 2000 K. In contrast, the local speed of sound changes by 

roughly one third as the temperature drops to 500 K or rises to 2000 K.  In summary, to 

extract accurate temperature values from a transient grating signal one only needs an 

estimate of the local M/γ ratio based on rudimentary knowledge of the fuel and the 

fuel/air ratio. 
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 500 K 1000 K 2000 K 

M/γγγγ 21.30 

(-3.8%) 

22.15 

 

22.89 

(+3.3%) 

Cs (m/s) 442 

(-28%) 

613 852 

(+39%) 

 
Table 5.3  Mass to specific heat ratio and sound speed for products of stoichiometric 

decane/air combustion.  Values in parenthesis are relative changes in 
parameter with respect to nominal value at 1000 K. 

 
 

 

5.4 Difficulties and suggestions 

TGS thermometry has been applied to both laboratory and practical high-pressure 

combustors.  As TGS thermometry works relatively well at the laboratory scale 

combustor at AERL, many practical difficulties were discovered when exploring efforts 

of applying TGS thermometry to a practical scale combustor at WPAFB.  Based on the 

experience of trying to perform TGS thermometry experiments at WPAFB, the following 

issues must be addressed before the TGS technique can be considered a practical 

thermometry tool: 

• Harsh external environment 

o Vibrations in the testing room caused Nd:YAG laser to become unseeded, 

and therefore caused loss of signal intensity; 

o The heat load of the combustor made a substantial temperature change 

(>25 °C) in the experimental region.  This temperature change caused Ar 

ion laser beam to walk, and therefore the optical alignment was lost for 
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generating TGS signals.  This turns out to be the “Achilles heel” for the 

TGS technique; 

• Because of the large size of the combustor, long focal length lens has to be used 

to cross the laser beams at the investigation area.  The very thin laser beams 

contain enough energy to drill on internal windows.  This caused a failure of one 

of the combustor windows. 

• As described in Chapter 4, it is preferred to place a pinhole at focus point of the 

lens to make sure all laser beams crossing together and satisfying phase matching 

condition.  However, it is very difficult to do this inside the tunnel interior and the 

final alignment/phase matching adjustment is very difficult to achieve. 

• In the test rig, there were four windows (two 7 cm thick, two 2 cm thick).  The 

elastic Ar ion laser scattering by these windows became very strong.  The TGS 

signals were overwhelmed by the dc offset caused by the scattering.  Meanwhile, 

the laser beams passing through each window would cause the optical path 

change.  The position of investigation point cannot be estimated by the focal 

length of the lens.  It may cause an ambiguity in the on location of measured 

temperature, especially when there is not a good way to access the tunnel interior.  

• TGS measures the temperature at a single point.  To acquire the information of 

temperature field, it is desirable to apply TGS at different points during one test.  

To be practical, it is necessary to move the investigation points during each 

experiment run.  Two XYZ translation stages were used to move the transmitter 

and receiver synchronously.  However, the accuracy of the translation stages was 
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not high enough.  The phase matching alignment got lost during the stages’ 

movements when trying to move the investigation point. 

To make TGS thermometry applicable to real scale combustors, the problems listed 

above must be solved with practical approaches.  The experiences at WPAFB also give 

some suggestions for improving the TGS thermometry: 

• As have shown, using a seeded Nd:YAG laser as the pump beam source 

substantially improves the signal intensity.  Therefore, to get a similar level of 

TGS signal, less pump beams energy is needed with a seeded Nd:YAG laser.  

This would be very helpful in prolonging the life of laser source as well as of the 

windows.  Without significantly increasing equipment cost, it is strongly 

suggested to use a seeded Nd:YAG laser. 

• The instability of the Ar ion laser has been the “Achilles heel” during the efforts 

at WPAFB.  To make the system capable of running in an environment where 

room temperature variation is unavoidable, it would be better to replace the Ar ion 

laser with a laser less likely to walk, such as long-pulse solid state laser. 

• Turing prisms were used to direct laser beams at WPAFB, and the scattering from 

these prisms was so strong that the TGS signals are overwhelmed by the 

background noise.  Therefore, using coated mirrors is strongly suggested. 

• Using a pinhole to do the final alignment is very necessary and there is no good 

substitute for it.  Therefore, a convenient access to place pinhole in the test cell to 

assure optimal alignment is needed.  However, this suggestion would be very 

difficult to apply due to the facility restriction. 
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• Industrial high-pressure combustors are likely to be accompanied by vibrations 

during the test.  The vibrations may cause small movement of optics and therefore 

the alignment.  So, mounting both lasers and all optics on a vibration isolated 

table and within controlled environment would be very helpful for keeping the 

alignment during a long test.  

• To measure temperature at different points during one test run, there must be a 

better way of moving transmitter and receiver rather than using the XYZ stages.  

To make sure the transmitter and receiver moving synchronously, it is suggested 

that a position feedback system be used to assure the transmitter and receiver 

displacements are synchronized. 
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CHAPTER 6 

ACOUSTIC DAMPING RATE MEASUREMENTS 

 

As discussed in Chapter 5, in order to apply TGS thermometry successfully, it is 

necessary to have information about the molecular weight to ratio of specific heat ratio, 

M/γ.  For some relatively simple combustion environments, such as premixed 

hydrocarbon/air flames, the local M/γ ratio can be estimated based on rudimentary 

knowledge of the fuel and the overall fuel/air ratio.   However, there are many cases 

when the local M/γ ratio cannot be easily obtained, such as in diffusion flames, where 

there exist significant changes in both M and γ, depending upon the spatial location 

relative to the reaction zone.  When applying TGS thermometry to such kinds of 

combustion environments, reasonable values of M and γ should be given based on 

reliable knowledge of major species concentrations.  As the laser-induced gratings are 

actually local perturbations caused by laser light power, there is a relation between 

transport processes and these local perturbations.  From these transport processes, 

transport properties may be determined and from these properties, and it may be possible 

to extract major species concentrations information.  This is the original motivation of 

studying gaseous transport properties by the TGS technique.   

The spatial gratings generated via electrostriction and thermalization are 

thermodynamically unstable, that is, the dynamic laser–induced gratings caused by 

pulsed pump sources would return to the target medium’s equilibrium state after the 

driving force is removed.  As seen in the measured TGS signals, the signal intensity 
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decays in time due to the return of the target medium to equilibrium.  The decay rate is 

determined by the relevant transport processes, including mass diffusion, thermal 

diffusion and viscous dissipation.  As previously mentioned, the response of the fluid to 

the high-intensity electric field gratings is to produce: 1) a standing acoustic (pressure) 

wave as the result of two counter-propagating sound waves constructively and 

destructively interfering with each other; and 2) a non-propagating, decaying thermal 

(entropy) wave.  Therefore, the decay of the dc part of TGS signal is due to thermal 

diffusion.  Efforts have been made to extract thermal diffusivity from resonantly 

enhanced TGS signal by Cummings, et al. (1995b).  As presented in the previous chapter, 

the dominant part of the TGS signal, especially those generated by the nonresonant 

electrostriction process, is the oscillation caused by acoustic wave propagation.  Actually, 

the TGS technique itself is based on this opto-acoustic effect, through which pump laser 

energy is converted into acoustic energy waves.  However, although the frequency of the 

TGS signal has been well analyzed to extract temperature, the decay rate of the TGS 

signal has not yet drawn much research attention.  There may be two possible reasons for 

this: 1) the decay rate is more difficult to analyze than frequency; 2) the acoustic wave 

decay rate is a combined process of thermal diffusion, viscous dissipation, and energy 

transfer between internal molecular modes.  For point (1), not only because the decay rate 

is not easy to model, but also the effect of sound wave propagating out of probe volume 

may cause errors on the decay rate calculated from real (finite domain) TGS signals.  

When the probe volume is small, two processes are responsible for the oscillation part of 

TGS signal decaying: 1) acoustic wave decaying itself, and 2) the acoustic waves 

propagating out of probe volume.  When using a focusing lens to cross laser beams 
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together, the probe volume is usually very small (about a few hundreds microns in width) 

and the acoustic waves propagate out of the probe volume in less than 1 µs for typical 

temperatures.  The acquired TGS signal then only contains 6~10 oscillating rings.  

Although a term is added to Equation (3.9) to account for the effect of acoustic waves 

propagating out of probe volume, not having a long enough time history limits the 

accuracy of decay rate modeling.  To limit the effect of a finite probe volume, the 

unfocused beams setup was used in this work.  As discussed in earlier chapters, the 

tradeoff is that the unfocused beams setup suffers from poor spatial resolution.  At this 

very early stage of studying acoustic damping rates by the TGS technique, for the sake of 

acquiring reliable signals and determining the limiting factors which affect the results, all 

investigated samples are static and homogeneous.  Therefore, an unfocused beam setup is 

utilized in the current investigation.  One shall keep in mind that, when better spatial 

resolution is desired, such as in small samples or inhomogeneous environments, the 

system with focused pump beams should be utilized and attention should be paid to the 

effect of the sound waves propagating out of the probe volume. 

In this chapter, our investigations on acoustic damping rate will be discussed.  Firstly, 

the factors which influence acoustic damping rate will be discussed, followed by the 

experimental results and then comparisons between these experimental results and 

classical theory will be given. 

 

6.1 Acoustic Damping Rate 

In this dissertation, the terms of “acoustic wave” and “sound wave” are used 

interchangeably.  Sound waves in a compressible fluid are defined as an oscillatory 
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motion of small amplitude.  A sound wave causes space and time variations in the local 

density, pressure and temperature of the medium (Meyer and Neumann, 1972).  Usually, 

the frequencies of sound waves in TGS vary from several megahertz to tens of 

megahertz, i.e., in the ultrasonic waves range.  In general, the variables in a sound wave 

field are expressed as the combinations of mean values and small deviations (similar to a 

Reynolds decomposition), such as: 

 ),,,('),,,(),,,( 0 tzyxptzyxptzyxp +=  , (6.1) 

 ),,,('),,,(),,,( 0 tzyxtzyxtzyx ρρρ += , (6.2) 

 …... 

where p0 and ρ0 are the constant equilibrium density and pressure, and p′ and ρ′ are their 

variations in the sound waves (p′<< p0, ρ′<<ρ0).  The deviations are so small that 

quantities of second order or higher are negligible.  The flow field can therefore be 

expressed by a linearized set of hydrodynamic equations (Landau and Lifshitz, 1959).  

Volumes of research have been conducted to model the dynamics of laser-induced 

gratings by solving these linearized hydrodynamic equations (Paul, et al., 1995; 

Cummings, et al., 1995a). 

Propagating in real fluids, the sound wave intensity progressively diminishes.  The 

classical sources of sound wave attenuation are internal friction and heat conduction.  As 

the diffusion of mechanical impulses, the internal friction can be measured by viscous 

dissipation.  In a sound wave, the density crests will have temperatures above the 

average; the density troughs will have temperatures below average.  Heat conduction will 

tend to equalize these temperature differences.  Therefore, the compressed regions would 
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return less work upon re-expending than was expended on compressing them.  In 

rarefaction regions, recompression would return less work.  The result is sound wave 

energy loss (Herzfeld and Litovitz, 1959).  The intensity of a plane sound wave is found 

to be exponentially damped: tqe
2Γ− , where q is the wave vector.  The parameter Γ is 

called acoustic damping rate, acoustic damping coefficient, or acoustic absorption 

coefficient, depending on the literature.  When only classical attenuation sources (viscous 

dissipation and heat conduction) are considered, the classical acoustic damping 

coefficient in a gas can be expressed as (Landau and Lifshitz, 1959): 
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where µ is the dynamic viscosity, κ is the thermal conductivity, cp is the heat capacity at 

constant pressure, γ is the heat capacity ratio and ρ0 is the undisturbed gas density.  Only 

in atomic gases can the acoustic damping rate be accurately predicted by the classical 

acoustic damping rate, Equation (6.3) (Bhatia, 1967).  In polyatomic gases, sound waves 

decay faster than that prediction by classical theory.  The most important source of these 

higher attenuation rates is molecular sound absorption.  When an amount of energy is 

quickly supplied to a gas volume (e.g., density crests in a sound wave), the work done on 

it increases the translational energy of gas molecules.  The molecules can store this 

energy as an increase in the velocity of its center of gravity (redistribution of kinetic 

energy), as well as rotation of the individual atoms of the molecules around each other or 

oscillation of the atoms with respect to each other.  The internal degrees of 

rotational/vibrational freedom are excited by this increase in energy.  Usually, the 
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establishment of thermal equilibrium between the translational and internal degrees of 

freedom is much slower compared to the redistribution of kinetic energy.  As a 

consequence, there is an instantaneous nonequilibrium between the components of 

internal energy.  The consequent irreversible exchange of energy between translational 

mode and internal modes gives rise to an additional absorption of sound wave energy in 

polyatomic gases.  Therefore in polyatomic gases, acoustic damping coefficients are 

larger than the corresponding classical acoustic damping coefficient.  The classical 

attenuation can therefore be regarded as the lower limit to the sound wave attenuation.  

The molecular absorption significantly increases sound wave attenuation in polyatomic 

gases.  Its importance increases as more energy is transferred from translational to 

internal modes.  Sound waves may also be absorbed by suspended particles (dust) or 

fogs.  These sources of attenuation are usually negligible in most cases of importance 

(Meyer and Neumann, 1972).  Therefore, only the classical attenuation (viscous 

dissipation and heat conduction) and molecular absorption are considered in this chapter. 

 

6.2 Experimental Results from Single Species 

The oscillation part of the typical TGS signals is the result of two counter-

propagating acoustic waves constructively and destructively interfering with each other.  

The oscillation magnitude is a function of the acoustic wave intensity variation.  The 

acoustic damping rate, Γ, can be extracted by modeling the measured TGS signals with 

Equation (3.9).  When nonresonant electrostriction is the driving force for the formation 

of laser-induced gratings, the second term in Equation (3.9) is very small and therefore 

can be neglected.  If unfocused laser beams are used, the effect of acoustic waves 
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propagating out of the probe volume will not be important as long as the acoustic 

transient time is large (Kozlov, et al., 1999).  Therefore, to improve the calculation 

efficiency, it is better to limit the numbers of curve fitting parameters by neglecting 

unimportant terms in Equation (3.9).  Here, Equation (3.9) is simplified to: 

 ( ) ( ) ( ){ }222 cosexpexp)( φ+Γ−+−∝ qtctqBtqDAtI sthsignal . (6.4) 

The acquired TGS signals were curved fitted with Equation (6.4), with parameters A, B, 

Dth, Γ and cs as the fitting parameters.  The wave vector q = 2π/Λ is calculated from 

calibration signal. 

The experimental setup for measuring the acoustic damping rate is schematically 

shown in Figure 4.3.  Unfocused beams were used for both pump beams and probe 

beams.  Details of the experimental procedure can be found in Chapter 4.  The diameter 

of the pump beams in most of these experiments was ~ 8-10 mm.  The probe beam 

diameter was usually smaller than 2 mm.  Since unfocused laser beams were used, the 

output of Nd:YAG laser needed to be much higher (up to 350 mJ/pulse) than that with 

focused laser beams.  Breakdown did not limit the pump energy as the power density was 

still well below the breakdown threshold.  The acoustic damping rates in various gas 

samples (He, Ar, N2, CO2, CH4, C2H4, etc.) were measured over a range of pressures 

(from 1 atm to 25 atm).  The waveforms shown in Figures 6.1-6.4 are typical TGS signals 

from atomic, diatomic, triatomic and multiatomic species at different pressures.  All 

signals shown are generated through the non-resonant electrostrictive response.  From 

these figures, it is observed that for different gas species, the acoustic wave decays at 

different rates.  For each gas species, the decay rate is seen to be a function of pressure. 
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The measured acoustic damping rate from a TGS signal is compared with the 

classical acoustic damping rate.  Table 6.1 presents some of the measured results of the 

acoustic damping rate, Γm, along with values of classical acoustic damping coefficients, 

Γc, calculated using Equation 6.3.  In Table 6.1, only Ar exhibits a measured acoustic 

damping rate close to the result calculated from classical theory.  For the other diatomic 

and polyatomic gases, the measured acoustic damping rate is higher than the calculated 

classical acoustic damping rate, as expected.  For molecules with complicated structures 

such as C2H4, the difference between measured acoustic damping rate and classical 

damping rate can be very large.  This indicates the importance of molecular absorption 

during decay of the acoustic waves.  The rate of collisional transfer of translational 

energy to rotational and/or vibrational energy modes is determined by the collision rate 

between molecule which is a function of pressure, as well as the rotational and/or 

vibrational energy modes distribution, which is determined by the molecular structure.  

The absence of these rotational/vibrational modes in atomic species explains why 

acoustic damping rates in He and Ar are fairly well predicted by the classical theory. 

 

 Γm (10-6 m2/s) Γc (10-6 m2/s) (Γm - Γc) /Γc 

Ar 2.32 2.34 - 0.85% 

N2 4.90 2.31 112% 

CO2 3.45 1.10 214% 

CH4 6.17 2.12 191% 

C2H4 18.12 1.16 1,462% 
 

Table 6.1  Acoustic damping rates at 6.4 atm, 20 °C. Γm are values from measured TGS 
signals, Γc are values calculated from Equation (6.3). Grating spacing Λ≅  22µm. 
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Figure 6.1 TGS signals from Argon at three different pressures. 

Grating spacing Λ≅  22 µm. 
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Figure 6.2 TGS signals from Nitrogen at three different pressures. 

Grating spacing Λ≅  22 µm. 
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Figure 6.3 TGS signals from Carbon Dioxide at three different pressures 

Grating spacing Λ≅  22 µm. 
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Figure 6.4 TGS signals from Methane at three different pressures 

Grating spacing Λ≅  22 µm. 
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In Figure 6.5, the measured acoustic damping rate ratio, Γm/Γc, is plotted against 

pressure, for gas samples of Ar, N2 and CO2.  It is seen from Figure 6.5 that this ratio 

increases with pressure, i.e., the molecular damping mechanisms’ relative contribution to 

the sound wave absorption increases with pressure.  Although both viscosity and thermal 

conductivity increase with increasing pressure for pure gases, the increase is quite small 

and not enough to account for the large damping rate increase (Reid, et al., 1987).  The 

reason for this larger acoustic damping rate is that at higher pressure, the excess 

translational energy is converted to rotational and/or vibrational energy faster due to the 

greater collisional frequency.  
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Figure 6.5 The acoustic damping rate ratio Γm/Γc vs. pressure P for Ar, N2 and CO2. 

Grating spacing Λ≅  22 µm. 
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The more complicated the molecular structure, the more internal energy modes 

available to receive excess translational energy; therefore, the higher the acoustic 

damping rate ratio, Γm/Γc.  For atomic gases like Ar and He, the measured acoustic 

damping rate from the TGS signal is essentially equal to the calculated classical acoustic 

damping rate over an extended pressure range.  For N2, previous studies (Herzfeld and 

Litovitz, 1959) have shown Γm/Γc = 1.4 at atmospheric pressure, which is very close to 

the results shown in Figure 6.5.  This ratio increases with increasing pressure due to the 

relative increase in the importance of translational to rotational energy transfer.  For CO2, 

both rotational and vibrational modes receive energy from the excess translational energy 

and the damping ratio exceeds that of N2.  For molecules with more complicated 

structure, such as C2H4, the acoustic damping rate ratio is not only much higher because 

of the greater number of available internal energy modes, but its dependence on pressure 

also becomes nonlinear.  For molecules with a relatively simple structure such as N2 and 

CO2, the acoustic damping rate ratio exhibits an approximately linear relationship with 

pressure over the pressure range tested, as shown in Figure 6.5.  The acoustic damping 

rate ratios of C2H4 and N2 as function of pressure are illustrated in Figure 6.6. 
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Figure 6.6   The acoustic damping rate ratio Γm/Γc vs. pressure for N2 and C2H4.   

Grating spacing Λ≅  22 µm. 

 

Table 6.2 presents the acoustic damping rate ratios of three diatomic gases, N2, O2 

and CO at different pressures.  It is observed that the acoustic damping rate ratio for these 

diatomic gases are very similar at fixed pressure and the changes with pressure are 

similar as well.  The similarity is due to the fact that the translational-rotational energy 

transfer efficiency is similar for all three gases as well as their molecular weights and 

hence relative velocities.  It is very interesting that CH4 has an acoustic damping ratio 

similar to that of CO2, as shown in Figure 6.7.  Although the complicated molecular 

structure of CH4 would be expected to yield a higher acoustic damping rate ratio than 

CO2, this effect is offset by the higher molecular weight of CO2.  It is possible to 
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distinguish two species with similar molecular structure having substantially different 

molecular weights, such as H2 and N2 by observing their acoustic damping rates. 

 

 

Pressure (atm) N2 O2 CO 

4.40 1.80 1.57 1.85 

7.80 2.25 1.92 2.15 

11.2 2.92 2.68 2.88 

14.6 3.55 3.19 3.50 

18.0 4.23 3.99 4.37 
 

Table 6.2 Acoustic damping rate ratio, Γm/Γc, of diatomic gases at different pressures.  
The grating spacing Λ≅  22 µm. 
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Figure 6.7  The acoustic damping rate ratio Γm/Γc vs. pressure for CO2 and CH4. 

Grating spacing Λ≅  22 µm. 
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When the grating spacing, Λ, changes, the sound wave frequency changes.  When 

other conditions are the same, a higher sound wave frequency will increase the rate of 

attenuation of the sound wave intensity because the sound waves are exponentially 

damped as -Γq2t, and q changes with Λ.  Therefore, the TGS signal decays faster with 

smaller grating spacing.  Figures 6.8-6.10 present some samples of the TGS signals at 

different grating spacings from different gas samples. 

 

 

 

 

 

 

 

 

  

 

 

Figure 6.8   TGS Signals at different grating spacings. Signals are from N2 at 18 atm.  

All signals have been averaged over 64 shots. 
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Figure 6.9 TGS Signals at different grating spacings. Signals are from CO2 at 5.8 atm.  

All signals have been averaged over 64 shots. 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 TGS Signals at different grating spacings. Signals are from CH4 at 5.8 atm.  

All signals have been averaged over 64 shots. 
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The data presented above can be characterized by three trends: 1) the acoustic 

damping rate ratio increases with increasing molecular complexity, 2) the damping ratio 

increases with increasing pressure, and 3) acoustic damping increases with increasing 

acoustic frequency.  All three trends are predictable with some modifications to the 

simple model presented above for the TGS signal.  We avoid a rigorous mathematical 

discussion here and simply present the salient points.  We first note that since q = 2π/Λ 

and Λf = cs, q2 can be written as ω2/cs
2 where ω = 2πf.  The damping factor in the second 

term of Equation (6.4) is then rewritten as: 
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As noted above, this factor includes viscous and diffusive damping.  We now modify this 

factor to include attenuation due to energy transfer.  For a single component gas we have  
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In Equation (6.7), τvib and τrot are the vibrational and rotational relaxation times, 

respectively.  The sum is over all n active vibrational modes each with a statistical weight 

of SW.  The increase of acoustic damping with increasing frequency is evident from 

Equations (6.6) and (6.7).  The experimentally determined ratio of Γm/Γc is given from 

the above by 



 

 97 

 

c
s

c
s

c

c

Γ

Γ+

=
Γ
Γ

  

       

    

2

2

2

2

c

m

ω

ωβ

   . (6.8) 

For studies at fixed frequency, β should be multiplied by the pressure ratio P/Po where Po 

denotes the initial pressure (Bhatia, 1967).  At fixed frequency, the product βP/Po is 

constant with increasing pressure while Γc decreases.  Therefore, the ratio Γm/Γc increases 

with pressure.  

For the study presented here, ω ~ 100 MHz and for diatomic molecules ωτvib >> 1 

making the vibrational term in β small compared with the rotational term.  Consequently, 

under the conditions studied, a negligible fraction of the excess translational energy is 

transferred to vibration.  For the polyatomic molecules such as C2H4, the vibrational term 

makes a measurable contribution to β.  It is not surprising then that they exhibit increased 

attenuation over the diatomics. 

 

6.3 Experimental Results from Ar/He mixtures 

In order to determine if the TGS technique could be used to determine major species 

concentrations, preliminary experiments were conducted to measure acoustic damping 

rate from binary species samples.  As discussed in last section, only in atomic gases can 

the acoustic damping rate be estimated by classical theory, Equation (6.3).  The 

available/published experimental results on ultrasonic wave absorption are very limited.  

To make sure our experimental results can be compared to a reliable source, atomic gases 

(Argon and Helium) were used to study the acoustic damping rate of binary gas mixtures.  
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TGS signals used to extract acoustic damping rate from Ar/He mixtures were acquired 

under various pressures and concentrations.  Argon and Helium were filled into the high-

pressure chamber separately.  The TGS signals were acquired when the environments 

inside the chamber reached static, i.e., no macroscopic flow field exists.  As the 

electrostriction in He is very weak due to a small electrostrictive coefficient for He, a 

small amount of NO2 (less than 100 ppm) was seeded in gas samples to help generate 

resonant TGS signals.   

The mole fractions of Ar and He were calculated by analyzing the oscillation 

frequencies of the TGS signals.  From earlier analysis, we have the relationship: 

 
R

MfT 122






Λ=

γ
 (6.9) 

This is a simplified form of Equation (3.12).  The parameter m in Equation (3.12) was 

taken as 1 because the signals were generated through thermalization process due to the 

presence of NO2.  In a binary mixture of Ar, mole fraction of y and He, mole fraction of 

(1-y), the molecular weight of the mixture is: 

 HeAr MyyMM )1( −+=  (6.10) 

where MAr and MHe are the molecular weights of Ar and He respectively.  Combining 

Equations (6.9) and (6.10), the mole fraction of Ar in an Ar/He mixture can be easily 

calculated by measuring the TGS signal frequency: 

 ( ) 22

22

fMM
fMRT

y
HeAr

He

Λ−
Λ−

=
γ

 (6.11) 



 

 99 

In Equation (6.11), temperature T is known (room temperature), grating spacing Λ can be 

calibrated from either pure Ar or He signals.  From the oscillation frequency f of the TGS 

signals, the mole fractions of Ar and He can be easily evaluated. 

To compare the experimental results of acoustic damping rates to the classical theory, 

the classical acoustic damping rate is calculated by Equation (6.3).  The parameters in 

Equation (6.3), the density ρ, dynamic viscosity µ, heat capacity ratio γ, thermal 

conductivity κ and heat capacity at constant pressure cp all need to be taken as the values 

for a binary mixture.  For atomic gases, γ = 1.667 at room temperature.  The density ρ 

and heat capacity at constant pressure cp were computed through straight mole fraction 

relations: 

 HeAr yy ρρρ )1( −+= , and  (6.12) 

 HepArpp cyycc ,, )1( −+= , (6.13) 

y is the mole fraction of Ar.  The method of Wilke is adopted to calculate the viscosity of 

gaseous mixtures.  In a binary system, the dynamic viscosity can be calculated as (Reid, 

et al., 1987): 
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where µm = viscosity of mixture 

  µ1, µ2 = pure component viscosities 

  y1, y2 = mole fractions 

and  
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The molecular weights of Ar and He were taken as 40 g/mol and 4 g/mol respectively.  

The thermal conductivity of the mixture is calculated by the Wassiljewa Equation (Reid, 

et al., 1987), which is an analogy of estimating mixture viscosity: 
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where κm = thermal conductivity of mixture 

  κ1, κ2 = pure component thermal conductivities 

  y1, y2 = mole fractions 

The ineraction parameters A12 and A21 are calculated by a Mason and Sexena 

Modification.  For atomic gases, 

 ijijA φ=  (6.18) 

where φij is the interaction parameter for estimating mixture viscosity in Equations (6.15) 

and (6.16). 

The acoustic damping rate of Ar/He mixtures under various pressures and mole 

fractions were investigated.  Figure 6.11 shows the measured acoustic damping rates in 

Ar/He mixtures at 1 atm.  The solid-line curve is the classical acoustic damping rate in an 

Ar/He mixture calculated by Equation (6.3).  For pure Ar or He, the measured acoustic 

damping rates (Γm) are very close to the corresponding classical acoustic damping rates 

(Γc), which is consistent with the results presented in the previous section.  However, 
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when both species are presented, Γm’s are seen to be higher than the corresponding Γc’s.  

Similar phenomena were found at elevated pressures.  The acoustic damping rate ratios 

(Γm/Γc) of Ar/He at various elevated pressures are illustrated in Figures 6.12-15.  In these 

figures, a small correction is made on the Γm/Γc values.  As seen in Figure 6.11, the Γm’s 

are very close to, but a little bit higher than the Γc’s for pure component of Ar or He.  We 

believe this discrepancy is mainly caused by the presence of triatomic molecules of NO2, 

although the concentration of NO2 is very small (< 100ppm).  With the increase of 

pressure, the effect of the presence of NO2 becomes stronger.  For example, in our 

results, at 1 atm, the Γm/Γc values are 1.09 and 1.11 for He and Ar respectively; while at 

7.39 atm, the Γm/Γc values for He and Ar are 1.47 and 1.45 respectively.  To make the 

results more comparable, the Γm/Γc’s are corrected.  The correct factor is taken as the 

average Γm/Γc values of pure Ar and He at each pressure, i.e., in Figures 6.12-15, the 

Γm/Γc’s of Ar and He are set to be 1 and the Γm/Γc values of Ar/He mixtures are corrected 

at the same ratio.  This correction is based on our knowledge that the acoustic damping 

rates of atomic gases can be expected to obey the classical theory, Equation (6.3).  In 

Figures 6.12-15, it is observed that the Γm/Γc’s are well above unity except for pure 

components of Ar or He.  This indicates that the acoustic waves decay faster than 

expected by the classical theory when two different kinds of molecules exist in the 

acoustic wave propagating medium.  Therefore, besides viscous dissipation and thermal 

conduction, there must exist one or more additional acoustic wave absorption 

mechanisms in mixtures.  Due to limited experimental data, it is hard to draw the 

conclusion that at what Ar concentration the unknown extra absorption effect reaches its 
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maximum value.  However, it is quite clear that the highest Γm/Γc value is not at 50/50 

Ar/He concentrations but at an Ar concentration of less than 50%.   Also, within the 

experimental pressure range, it is observed that the magnitudes of Γm/Γc’s are relatively 

independent of pressure.  The changes of this extra process with pressure are in the same 

order as the classical damping process.  This indicates that this extra absorption process 

should be similar to the classical acoustic damping which is a combination effect of the 

viscous dissipation and thermal conduction, i.e., it is a process of translational energy 

redistribution.  In an Ar/He mixture, there are atomic collisions between Ar/Ar atoms, 

He/He atoms and Ar/He atoms.  Because of the significant atomic weights difference 

between Ar and He, the collisions between Ar/He atoms redistribute the translational 

energy more effectively than the collisions between molecules with same weights, 

therefore the acoustic waves decays faster for these types of collisions.  When the 

collisions between Ar and He atoms between Ar and He atoms have a higher percentage 

over the overall collisions, the Γm/Γc values will get larger.  Since the Ar atom size is 

much larger than the He atom size, the largest probability of an Ar atom colliding with a 

He atom occurs when there are more He atoms than Ar atoms in the system, i.e., the mole 

fraction of Ar is less than 0.5.  Therefore, the maximum value of Γm/Γc occurs when Ar 

mole fraction is less than 0.5, which is revealed by the experimental results. 
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Figure 6.11 Acoustic damping rate from Ar/He mixture at 1 atm.  Diamond marks are 

measured TGS experimental results.  Solid line is the classical acoustic 

damping rate. 
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Figure 6.12 The acoustic damping rate ratio Γm/Γc vs. mole fraction of Ar in Ar/He 

mixture at 1 atm.  Grating spacing Λ= 22.4 µm. 
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Figure 6.13 The acoustic damping rate ratio Γm/Γc vs. mole fraction of Ar in Ar/He 

mixture at 2.4 atm.  Grating spacing Λ= 22.4 µm. 
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Figure 6.14 The acoustic damping rate ratio Γm/Γc vs. mole fraction of Ar in Ar/He 

mixture at 4.1 atm.  Grating spacing Λ= 22.4 µm. 
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Figure 6.15 The acoustic damping rate ratio Γm/Γc vs. mole fraction of Ar in Ar/He 

mixture at 7.4 atm.  Grating spacing Λ= 22.4 µm. 
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CHAPTER 7 

TGS SIGNALS FROM CO/AIR MIXTURES 

 

As discussed in the previous chapters, nonresonant electrostriction and resonant 

thermalization are the driving forces for generating dynamic gratings by crossing two 

pulsed pump laser beams.  The TGS signals are caused by variations in the index-of-

refraction of the target medium; therefore, any physical or chemical process that will 

produce a density inhomogeneity could be considered as a driving force.  When an 

isobaric exothermal chemical reaction occurs, the liberated heat will cause a decrease in 

density.  A grating-like density variation would result if the heat release were grating-

like.  Since heat release due to chemical reaction (large ∆T) is a much more efficient way 

of changing gas density than the nonresonant electrostriction process (very small ∆T), the 

TGS signal resulting from spatially confined exothermic reactions would be expected to 

be very strong.  In electrostriction, the process is very fast and can be considered as 

instantaneous.  The thermalization of absorbed laser energy dumped to unexcited 

molecules is also usually considered to be very fast compared to the TGS signal history 

(Paul, et al., 1995).  When the driving force of the TGS signal cannot be considered as 

instantaneous, such as exothermal chemical reactions lasting on the order of tens to 

hundreds nanoseconds, the waveform of the corresponding TGS signal would appear 

quite different to what has been demonstrated in the previous chapters.  The temporal 

behavior of the TGS signal would reflect the characteristic time scales of the chemical 

reactions.  Such a phenomenon was observed in gas samples containing carbon monoxide 
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and a very small amount of air (or O2).  In this chapter, the experimental results will be 

demonstrated.  The factors that influence the temporal behavior of TGS signals will be 

discussed.  A simple, qualitative analysis will be given to see how the reaction rate 

(chemical time) influences the TGS signals caused by chemical reactions in these 

mixtures. 

 

7.1 Experimental Results 

All the experiments discussed in this chapter were performed with unfocused pump 

beams.  The high-pressure chamber was used as the gas cell to maintain the gas samples 

at elevated pressures.  The gas cell was filled with carbon monoxide and then a small 

amount of air was injected and allowed to mix thoroughly.  The equivalence ratio φ was 

usually larger than 10, well beyond the flammability limits (φ = 6.87 on the rich side for 

CO/air mixture), thus no macroscopic, self-propagating reactions between CO and air 

were observed.  Under such conditions, the TGS signal is expected to be produced via 

electrostrictive gratings.  However, under certain pressures and air concentrations, a 

totally new and different TGS signal waveform was observed.  The first discrepancy was 

that the signal frequency was half of the electrostrictive signal frequency, i.e., the signal 

was generated by some type of heating process.  A comparison of the sample signal from 

CO/air mixture with pure CO is shown in Figure 7.1.  The lower waveform illustrated in 

Figure 7.1 is the electrostrictive response of pure CO at 50 psig.  The pump beam energy 

was measured as 185 mJ/pulse.  This waveform is an oscillation imposed on an 

exponential decay, similar to the signals shown in earlier chapters.  The upper waveform 

is the TGS signal collected from a mixture of CO/air where the volume fraction of air is ~ 
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4.5 % (φ = 50).  The pressure was 10 psig and the pump beams energy was measured as 

100 mJ/pulse.   
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CO, 50 psig
YAG:185 mJ/pulse

 

Figure 7.1   TGS signals from pure CO (electrostrictive response) and CO/air mixture. 

 

Secondly, the magnitude of the signal was orders of magnitude stronger in CO/air 

mixture than the purely electrostrictive response of CO.  In Table 7.1, some of the 

maximum absolute values of TGS signal magnitude acquired from pure CO and CO/air 

mixture at the same pressure are listed.  Thirdly, the grating reaches its peak reflectance 

hundreds of nanosecond after the pump beams have been removed while, as seen in the 

electrostrictive signal from the pure CO sample, the grating reflectivity begins to decay as 

soon as the 10 ns pump beams and thus the driving force are removed.  This indicates that 
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this new driving force needs some time to develop before the density disturbance reaches 

its maximum value, which is reflected in the magnitude of the TGS signal.  As discussed 

in the above chapters, when a density perturbation exists, molecular diffusion will begin 

trying to restore the system to equilibrium immediately.  In the electrostriction 

mechanism, the forcing function is acting on the medium for an order of 10 ns, so the 

measured signal is dominated by this return to equilibrium.  However, in the CO/air 

mixture, there is a competition between the driving force and the decaying effect which 

can be clearly observed.  In the first few hundreds nanoseconds, the signal magnitude, 

both the dc component and the oscillation component, increases with time, indicating the 

driving force is still present and more important than the decaying effects.  As the heat 

release mechanism ceases, diffusion of the grating eventually brings the signal to zero. 

 

Pump beams energy 
(mJ/pulse) 

Signal intensity 
from CO (mv) 

Signal intensity CO 
with 4.5% Air (mv) 

Intensity ratio 

137 5.94 644 108 

175 10.82 2161 200 

200 23.19 4520 195 
 

Table 7.1  Absolute TGS signal magnitudes from CO and CO/air mixture at 50 psig 

 

The frequency of the TGS signal from CO/air mixture in Figure 7.1 indicates thermal 

gratings were generated in this case.  Neither CO nor the major components of air are 

good absorbers at 532 nm, the frequency of the pump beams presented in this 

dissertation.  Therefore, this thermal grating signal should not come from the 

thermalization process mentioned in previous chapters, i.e., the quenching of excited 
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molecules by inelastic collision and converting absorbed laser energy to heat or 

absorptions by soot particles.  A reasonable assumption for the nature of the driving force 

is that there is an exothermal, photo-chemical reaction is occurring between CO and O2 

under the high laser fluences and the liberated heat is causing the density disturbance.  

The measured TGS signal frequency during this reaction still yields room temperature, so 

a homogenous chemical reaction between ground state CO and O2 should be excluded.  

This is also expected because of the very high equivalence ratio.  The reaction rate, and 

therefore magnitude of the heat release of a photo-chemical process, are expected to be 

strongly affected by the laser intensity grating.  Consequently, the corresponding heat 

release is spatially grating-like, i.e., a sinusoidal variation in space, and therefore a strong 

density grating could be caused by an exothermal chemical reaction.  If the region were 

uniformly heated, the TGS signal would look very much like the pure CO electrostriction 

signal, with a frequency yielding a higher temperature and much weaker signal strength 

because TGS signal intensity is quadratically proportional to local gas density. 

The TGS signals caused by photo-chemical reactions were collected from a CO/air 

mixture under various conditions.  Pressure, air concentration and pump energies were all 

found to be factors influencing the temporal behavior of the TGS signals.  In Figures 7.2-

4, the TGS signals from CO/air mixture under 3 different pressures are illustrated.  In 

these figures, the volume fraction of air was ~ 4.5%.  At each pressure, signals were 

collected for different pump beam energies.  The pump beam energy was adjusted by 

changing the flash lamp voltage of the Nd: YAG laser.  The probe beam energy was 

found to not influence the photochemistry at all.  The only effect of increasing probe 

beam energy was a linear increase in signal strength, as expected. 
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Figure 7.2   TGS signals from CO/air mixture at 10 psig.  Air volume fraction is ~ 4.5%. 
Pump beams energies: (a) 72 mJ/pulse; (b) 100 mJ/pulse; (c) 137 mJ/pulse; 
(d) 175 mJ/pulse; (e) 200 mJ/pulse. 
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Figure 7.3   TGS signals from CO/air mixture at 30 psig.  Air volume fraction is ~ 4.5%. 
Pump beams energies: (a) 72 mJ/pulse; (b) 100 mJ/pulse; (c) 137 mJ/pulse; 
(d) 175 mJ/pulse; (e) 200 mJ/pulse. 
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Figure 7.4  TGS signals from CO/air mixture at 50 psig.  Air volume fraction is ~ 4.5%. 
Pump beams energies: (a) 72 mJ/pulse; (b) 100 mJ/pulse; (c) 137 mJ/pulse; 
(d) 175 mJ/pulse; (e) 200 mJ/pulse. 
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From Figures 7.2-4, it is observed that both pump beam energy and pressure have a 

strong influence on the temporal behavior of the TGS signal from these CO/air mixtures.  

As discussed above, the time required for the signal magnitude to reach its maximum is a 

measure of heat release rate.  This heat release rate depends on the pump beam energy 

significantly.  As shown in these figures, when other parameters (pressure, air 

concentration) are fixed, the time to peak signal magnitude decreases with increasing 

pump beam energy.  This can be explained by a faster chemical reaction, thus a faster 

releasing of heat, under a strong intensity field.  When the pump beam energy is high 

enough (e.g., 200 mJ/pulse), the maximum magnitude occurs at the first or second 

oscillation ring.  This indicates that the reaction is so fast that density gratings were 

established almost instantaneously and on the order of pump beam pulsewidth.   

The order of reaction is a measure of reaction rate with respect to the concentration of 

reactants.  For a simple reaction, A + B → Products, the rate law can be written as 

(Pilling and Seakins, 1995): 

 bbka
dt
da α=− , (7.1) 

where a and b are the concentrations of reactants A and B while k is termed the rate 

coefficient.  The exponents α and β are the orders of the reaction with respect to A and B 

and the overall order of the reaction is (α + β).  The orders of reaction usually need to be 

determined experimentally.  For a zero order reaction, the reaction rate does not depend 

upon concentration, and thus we would not expect any dependence of reaction rate on 

pump beam energy.  Presumably, the very high laser fluence is generating some kind of 

activated high-energy intermediate species, and the higher the pump energy, the greater 
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the concentration of this species.  Therefore, this reaction must be something greater than 

0th order with respect to this complex. 

Meanwhile, the magnitude of the oscillation component, which reflects the strength 

of propagating pressure waves, is also stronger under higher intensity field.  Since the 

crossed pump beams yields an intensity grating, the heat release rates at high-intensity 

fields (peak of gratings) will grow strongly with pump beam energy for non-zero order 

kinetics, while the heat release rates at low-intensity field (trough of grating) are not 

expected to be influenced by changes in pump beam energy.  Therefore, the density 

variation difference between the peaks and troughs are strongly enhanced under higher 

intensity, and thus the reflectance variations.  As seen in the above figures, the oscillation 

magnitude gets stronger with increased pump beams energy.   

It also should be noted that, although a larger amount of heat release is expected with 

higher pump beam energy, the TGS signal frequencies did not change with pump beam 

energy.  This indicates an unchanged local gas temperature, even with these photo-

chemical reactions.  The chemical reactions are expected to be only significant at certain 

locations (peaks), therefore the temperature inside the probe volume remains constant. As 

evident by the temporal behavior of the TGS signals, the photo-chemical reactions cease 

shortly after removal of the pump beams.  The grating is completely washed out via 

diffusion within a few microseconds.  The systems returns to equilibrium long before the 

next pump beams arrive (~100 ms later).  Therefore, although photo-chemical reactions 

are occurring, the TGS remains non-intrusive.   

Comparing the three figures at different pressures, it is observed that at higher 

pressure, the TGS signal magnitude reaches its maximum faster.  At higher pressure, the 
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collisions between CO and O2 molecules are more frequent; and therefore a higher 

reaction rate is expected.  This is also an indication of an order of reaction greater than 

zero.  The oscillation magnitude is stronger under higher pressure when the pump beams 

energy is fixed.  This implies a greater density variation caused by acoustic waves at 

higher pressure.  Once again it is because the heating occurs only at the peak of 

intensities.  When the heat release increases, only at certain locations the density 

variations are enhanced, and so are the reflectance variations at the moments of acoustic 

waves constructively interfering with each other, which corresponds to the peak of 

oscillation ring on the TGS signal waveforms.  Compared to the influence of the pump 

beam energy, the influence of pressure on the oscillation magnitude is much weaker.  

Therefore, the pump beam energy is more efficient at influencing the reaction magnitude. 

The temporal behavior of the TGS signal from CO/air mixture with different air 

concentrations was also investigated.  To avoid the macroscopic, conventional 

oxidization of CO by O2 into CO2, the air concentration is limited such that the 

equivalence ratio remains well above the rich flammability limit.  At the other extreme, 

enough air must be added to the CO so that the photo-chemical reaction is possible and 

variation of air concentration will cause the differences on the TGS signal can be clearly 

observed.  Unfortunately, the amount of data at different air concentration is limited.  In 

Figures 7.5-6, the TGS signals under similar pressures but with different air concentration 

are plotted.  The effects of pump beam energy are similar to the results shown in Figures 

7.2-4.  However, mixtures with much higher air concentrations (~11% and ~17%) show 

that the gratings persists much longer compared to that shown in Figure 7.2 where air 

concentration is ~4.5%.  The frequency is not changing, indicating that the bulk fluid is 
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still isothermal.  Since the diffusive effects are similar, longer grating lifetimes indicates 

persistence of photo-chemical reactions.  As the lifetime as seen to increase with O2 

concentration, this indicates that a depletion of O2 at lower concentration is responsible 

for the cessation of chemical reaction.  As the O2 concentration is increased, the laser 

fluence required for photo-chemical oxidization of CO may decrease.  If this is true, then 

the spatial extend of the reaction zone will increase, tending to make the grating less well 

defined.  Therefore, the relative importance of the acoustic waves gets weaker.  Shown in 

the TGS signals, the magnitude of oscillation part is relatively weaker when the air 

concentration was 17% compared to that of 11%. 
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Figure 7.5  TGS signals from CO/air mixture at 18 psig.  Air volume fraction is ~ 11%. 
Pump beams energies: (a) 100 mJ/pulse; (b) 137 mJ/pulse; (c) 175 mJ/pulse; 
(d) 200 mJ/pulse. 
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Figure 7.6   TGS signals from CO/air mixture at 20 psig.  Air volume fraction is ~ 17%. 
Pump beams energies: (a) 100 mJ/pulse; (b) 137 mJ/pulse; (c) 175 mJ/pulse; 
(d) 200 mJ/pulse. 
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7.2 Chemical Reaction as Driving Force of TGS signals 

As shown in the previous section, interesting temporal behaviors were observed from 

the TGS signals acquired from CO/air mixtures using the unfocused beams setup.  

Similar phenomena were also found in CH4/air mixtures.  Local heating is believed to be 

the dominant driving force for the generation of a density variation, and this heat is 

expected to be liberated from the exothermal photo-chemical reactions involving one or 

more activated high-energy intermediate species in the CO/O2 and CH4/O2 systems.  As 

stated, the temporal behavior of TGS signal is determined by the rate of heat release.  

Compared to electrostriction and thermalization, the relatively slower process of 

chemical heat release needs a longer time to establish the density grating.  The pump 

beam energy, pressure and concentration of air have been shown to influence the 

temporal behavior of the TGS signal.  In this section, a very simple model will be given 

to describe the function of the chemical reactions as the driving force for TGS signal 

generation. 

Since the concentrations of air were well above the flammability limits in all cases, 

no conventional fuel-oxidization combustion process were observed.  The photo-

chemical reaction only occurs in the presence of high-energy pump beams.  In all of the 

experiments performed, none of the major species (CO, CH4 and air) had obvious 

absorptions of pump beam at a wavelength of 532 nm.  Therefore, the process must 

originate as a nonresonant electrostriction process.  Under the influence of the 

electrostrictive force, the polarizable molecules will move towards the region of high 

field intensity.  A density grating will be produced, as shown in Figure 7.7.  There will be 

more CO and O2 molecules in the region of high field intensity; therefore the collision 
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rate between these reacting molecules will be higher, though very slightly.  The very 

strong input pump beam energy at the grating peaks excite one or more species to an 

activated high-energy intermediate species (for example, ∆O2 singelet), starting a 

chemical reaction, although the process and mechanism of this reaction is not clear at this 

time.  The heat release of the chemical reaction causes the local density to decrease, and 

this density variation overwhelms the effect of electrostriction.  In short, the process 

starts from electrostriction, then develops into a heat release which generates a much 

stronger grating than electrostriction alone can produce.  If the electrostrictive 

coefficients of different molecules are significantly different, one species moves towards 

the high field intensity regions preferentially.  Thus, the concentrations of every reacting 

species are higher at the high field intensity regions and the reaction is not likely to occur.  

That’s why the similar phenomena were never observed in C2H4/air or C2H4/O2 mixture, 

where the electrostriction process in C2H4 are much stronger than that of O2 due to the 

higher electrostrictive coefficient.  In this case, the electrostriction separates the reactant 

species at the high intensity regions instead of bring them together. 

 

 

 

 

 

 

Figure 7.7 Density variations after electrostriction process.  Molecules move to the 
region of high field intensity. 

 

∆ρ<0 ∆ρ>0 ∆ρ<0 ∆ρ<0 ∆ρ>0 

high 
laser 
fluence 

low 
laser 
fluence 

Λ 



 

 122 

As mentioned previously, there is a competition between the grating formation due to 

chemical heat release and grating decaying due to diffusion, as shown in the TGS signals 

presented in the previous section.  The temporal behavior of the TGS signal is partly 

determined by the rate of the grating formation.  The hydrodynamic response of the fluid 

to imposed density variation is described by the Equation (3.7).  The TGS signal can be 

modeled as the temporal convolution between the density variation, which models the 

dissipation of the grating, and the driving force.  If driving force can be modeled as a heat 

release rate, Q(t), then the TGS signal will be described as: 

 )()()( 2 tQttf oρ∆∝ , (7.2) 

where the expression of ∆ρ(t) can be taken as Equation (3.9).  When the driving force is a 

fast process compared to the grating evolution, such as electrostriction or thermalization, 

the convolution between the density variation and the driving force will not cause 

significant change on the temporal behavior of TGS signals, and a convolution is not 

necessary.  However, when the driving force is considerably longer (say, 100 ns), the 

temporal behavior of TGS signal cannot be described simply as an oscillation 

superimposed on an exponential decay.  To illustrate how the relatively much slower 

reaction rate influences the temporal behavior of the TGS signal, a very simple and ideal 

model is considered here.  The reaction between CO and air is taken as one step: 

 CO + O2 + λ (532 nm) → CO2 + Q, (7.3) 

where Q is the released heat.  The rate law of this second-order reaction can be written as: 

 [ ] [ ][ ]22 OCOk
dt
Od −= , (7.4) 
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where k is the reaction rate constant.  For Arrhenius rate kinetics, k will be exponential in 

temperature.  Since there is no measurable increase in the bulk temperature, this reaction 

rate constant will depend upon the laser fluence.  The concentration of O2 is very small, 

thus the concentration of CO can be assumed to be constant, i.e., this is a pseudo first-

order reaction (Pilling and Seakins, 1995).  Equation (7.4) can be rewritten as: 

 [ ] [ ]2
'2 Ok

dt
Od −≅ . (7.5) 

Therefore, the concentration of O2 will decay with time as: 

 [ ] [ ] ( )tkOO '
022 exp −= , (7.6) 

where [O2]0 is the O2 concentration at the beginning of the reaction.  The heat release rate 

will be proportional to the consumption rate of reactants.  From Equation (7.5), the 

consumption rate of [O2] is linearly proportional to  [O2].  Thus the heat release rate can 

be expressed as: 

 




 −=

τ
tAtQ exp)( , (7.7) 

here τ is the characteristic time constant of the reaction.  If the fluid responds very 

quickly to the heat release, the density variation will occur almost immediately, and this 

Q(t) can be used as the driving force in Equation (7.1).  The purpose of this model is to 

illustrate the influence of the reaction rate on the temporal behavior of the TGS signal.  

Therefore, for convenience, the density evolution in the probe volume is taken as: 

 )sin()exp()( ttt ωρ Γ−=∆ . (7.8) 

Under such assumptions, the convolutions between Q(t) and ∆ρ2 were calculated with 

various characteristic chemical time constants, τ.  The parameters Γ and ω were the 
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curve-fitting results of waveform (a) in Figure 7.2.  The results of the convolution are 

plotted in Figure 7.8.  It is observed that when the time constant is large, i.e., the reaction 

is slower, the TGS signal reaches its maximum magnitude well after the pump beams are 

removed.  At the other extreme, when time constant is 1 ns, which means that the heat is 

released almost instantaneously, the grating is established very fast and the signal reaches 

to its maximum very quickly.  A very short time constant implies that grating formation 

due to chemical reactions is indistinguishable from electrostriction or thermalization 

process in a temporal sense (the magnitude of the signal will still be very different).  This 

model qualitatively shows how various reaction rates change the temporal behavior of 

TGS signal.  The factors influencing reaction rate can be pump beam energy through k 

and pressure through [O2], as discussed in the previous section.  The trend of the 

temporal behavior predicted by this simple model is qualitatively consistent with the 

experimental results.  It indicates that information about the photo-chemical reaction rate 

is contained in the temporal behavior of TGS signal when the chemical reaction is the 

driving force of generating dynamic gratings.  A detailed model should also include the 

effects of spatial distribution of laser fluence, the laser pulsewidth, and response of fluid 

to heat release, etc.  With such a model, it will be possible, and very interesting, to extract 

the chemical reaction rate constant by analyzing the temporal behavior of TGS signals. 
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Figure 7.8 Convolutions between Q(t) and ∆ρ2.  The characteristic chemical time 
constants, τ, are: (a) 100ns; (b) 50 ns; (c) 20 ns; (d) 10 ns; (e) 1 ns. 
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CHAPTER 8 

CONCLUSIONS 

 

A non-intrusive laser diagnostic technique based on laser-induced dynamic gratings 

has been studied in the presented work.  Based on the modulation frequency of the TGS 

signal, the local temperature can be extracted by a relatively simple relation, under 

reasonable assumptions.  The signal strength of the TGS technique grows quadratically 

with pressure, making it very attractive for applications in high pressure environments, 

where other popular and more mature laser diagnostic techniques suffer from spectral 

complexity (e.g., CARS), or loss of signal intensity due to quenching (e.g., PLIF).  The 

coherent beam-like signal allows the TGS technique the advantage to be applied in 

practical combustors, where the optical access is often limited.  The objective of the 

present work is to apply the TGS technique to measure temperature in a pressurized 

combustion environment.  TGS thermometry was performed in the High-Pressure Burner 

(HPB) at AERL.  Temperatures were measured under various flame conditions (pressure, 

equivalence ratio and presence of soot) and encouraging results were acquired.  As the 

ultimate objective of the TGS technique, efforts were performed to measure the 

temperature in the high-pressure combustion tunnel facility at the Wright-Patterson Air 

Force Base.  This was the very first effort of applying the TGS technique to a practical 

scale combustor.  While progress was made, tremendous difficulties were encountered in 

trying to obtain measurements in this large-scale combustor.  These difficulties are 

considered to be very precious because they provide a roadmap for subtopics to 

investigate in order to mature the TGS technique.  One of these subtopics was the 
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development of experimental procedures for efficiently collecting the TGS signal.  The 

algorithm developed for analyzing TGS signals proved to be very efficient.  Although 

significant progress was made towards developing TGS as an off the shelf thermometer, 

there still remains many questions.  However, due to its many inherent benefits over more 

mature techniques, this work has clearly shown its potential. 

The TGS signal contains the information related to many different physical processes 

occurring in the gaseous environment.  When generated by short laser pulses, the TGS 

signal decays due to diffusion processes.  In the presented work, the acoustic damping 

rate in high-pressure gaseous environments was studied by utilizing an unfocused beams 

setup, rather than the focused beam geometry used for thermometry.  These 

measurements are believed to be the first effort in determining acoustic damping rate in 

high-pressure environments.  With the unfocused beams setup, the thorough temporal 

history can be revealed and the effects of sound waves propagating out of probe volume 

were suppressed.  Due to the lack of efficient means of measuring acoustic damping rate, 

the available published data is quite limited.  For the few published results, the 

measurements by the TGS technique are consistent.  Beyond that, TGS measurements 

provided more experimental data of acoustic damping rates of various species under a 

wide range of pressures (1-25 atm).  It is observed that the acoustic damping rates are 

higher than that predicted by the classical theory for all species except atomic gases.  

Pressure and molecular structure were found to be responsible for the increased acoustic 

wave damping.  Molecular absorption plays an important role in sound wave absorption 

at high pressures for molecules with complicated structures.  The measured acoustic 

wave damping rates for pure components of atomic gases agree well with calculations 
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using classical theory.  However, the experimental results from Ar/He mixtures indicate 

that there exists an extra mechanism of redistributing translational energy when collisions 

occur between molecules with very different sizes.  From these studies, the TGS 

technique is found not only to be a powerful tool for measuring transport properties, but 

also may provide a means for acoustics or gas kinetics studies. 

Besides electrostriction and thermalization, photo-chemical reactions were found to 

be a strong source for generating density gratings, as presented by the signals acquired 

from CO/O2 mixtures.  Because the chemical reaction may require a much longer time 

than electrostriction or thermalization to perturb the local density, the density grating 

formation may be overlapped with density grating decaying.  The relative characteristic 

time scales for grating formation and destruction appear in the temporal behavior of the 

signal.  Therefore, by analyzing the shape of the TGS signal with reasonable models, it is 

possible to extract the characteristic photo-chemical reaction rate by the TGS technique. 

The TGS technique is believed to have great potential to be a powerful tool in either 

laboratory studies or practical applications.  Based on the present work, future efforts for 

further development of the TGS technique are suggest in following three areas: 1) efforts 

should continue to develop the TGS technique as a reliable non-intrusive thermometer for 

high-pressure combustors.  The system should be improved to be able to run under any 

practical conditions; 2) the development on transport properties measurements needs to 

more knowledge of molecular collision processes.  Meanwhile, more experimental data 

on the acoustic damping rate will certainly supplement the understanding of the evolution 

of ultrasonic waves.  Acoustic damping rates from mixtures of different species may 

provide more interesting observations; 3) the heterodyne TGS signal contains information 
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on flow velocity. Without blocking, but carefully attenuating, the false signal beam, the 

current setup is ready to be transformed into a heterogonous setup.  In such a system, no 

seeding particles are required to extract the flow velocity, thus, there exists a practical 

advantage over the very mature LDV technique. 

Throughout this study of the TGS technique, more and more interesting phenomena 

were observed.  As the present work is mostly an experimental exploration, it is strongly 

suggested to study the theoretical mechanisms behind the TGS signals.  The author 

believes that there are more fundamental physics yet to be discovered in the world of the 

TGS technique. 
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APPENDIX A 

Layout of Optical Setup 

 

The optical table arrangement for focused beams setup is shown in Figure A.1.  It was 

used during the TGS thermometry experiments at the AERL.  The figure is not drawn to 

scale and one may change the distance between optics for convenience.  When 

performing experiments with unfocused beams, the same setup can be used but one needs 

to go through the experimental procedures described in Chpater 4.  Also one shall keep in 

mind that the 532 nm Nd:YAG beams and 514.5 nm Ar ion beams are in different 

horizontal levels. 
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Figure A.1   Bird’s eye view of the optical table layout
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APPENDIX B 

Source Code for Processing Raw TGS Data 

 

This program is written in C programming language.  Its function is to normalize a 

raw TGS signal data saved from the HP Infinium oscilloscope.  When saving the 

waveform of TGS signal from the HP Infinium oscilloscope, the option “save as Y value” 

is selected.  The file header of the saved data should be discarded and data should be 

saved under name of “rawdata.txt” before processed by this program.  One needs to 

provide the information on oscilloscope sampling rate when asked to “input the time 

scale coefficient”.  The number should be the number of nanoseconds of every digital 

point, e.g., when oscilloscope sampling rate is 1 Gsample/s, this “time scale coefficient” 

is 1, when the sampling rate is 500 Msample/s, this “time scale coefficient” is 2, and so 

on.  The program normalizes the acquired data and then saves the normalized TGS signal 

in “waveform.txt”.  Meanwhile, the peak and trough points of every oscillation ring are 

determined by finding the local maximum and minimum values.  The results are stored in 

“peak.txt” and “bottom.txt” respectively.  The files “peak1.txt” and “peak2.txt” contain 

the alternate peak values in case one wants to compare the alternately higher and lower 

maxima as described by Hubschmid, et al. (1995). 
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#include <stdio.h> 
#include <stdlib.h> 
#include <alloc.h> 
 
main() 
{ 
 FILE *in_file, *out_file; 
 FILE *b, *p, *p1, *p2; 
 int i, resolution, *p_x, normal_x, t; 
 int bottom_num, peak_num; 
 float *y, *p_y, max, temp; 
 
 i=0; 
 resolution=0; 
 max=0; 
 temp=0; 
 peak_num=0; 
 bottom_num=0; 
 
   printf("Please input time scale coefficient:"); 
   scanf("%d",&t); 
 
 if((in_file=fopen("rawdata.txt", "r"))==NULL) 
 { 
  printf("Cannot open the inout file"); 
  exit(1); 
 } 
 
 while (fscanf(in_file, "%f",&temp)!=EOF) 
  resolution++; 
 
 printf("There are %d points in this file.\n",resolution); 
 
 fclose(in_file); 
 
 y=(float *)malloc(resolution*sizeof(float)); 
 
 if((in_file=fopen("rawdata.txt", "r"))==NULL) 
 { 
  printf("Cannot open the inout file"); 
  exit(1); 
 } 
 
 for(i=0;i<resolution;i++) 
 { 
  fscanf(in_file,"%f",&y[i]); 
  y[i]=-y[i]; 
  if(y[i]>max) 
  { 
       max=y[i]; 
      } 
 } 
 
   printf("max=%f\n",max); 
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 fclose(in_file); 
 
   out_file=fopen("waveform.txt", "w"); 
 
 for(i=0;i<resolution;i++) 
 { 
    y[i]=y[i]/max; 
      fprintf(out_file,"%d %f\n", i*t, y[i]); 
 
    if(y[i]==1.) 
    printf("i=%d y=%f\n",i,y[i]); 
 } 
 
   fclose(out_file); 
 b=fopen("bottom.txt","w"); 
 p=fopen("peak.txt","w"); 
 
 for(i=2;i<resolution-2;i++) 
 { 
  if(y[i]!=y[i-1]) 
      { 
       temp=(y[i]-y[i-1])*(y[i]-y[i+1]); 
 
   if(temp>0) 
    if(y[i]>y[i-1]) 
    { 
             fprintf(p,"%d %f\n",i*t,y[i]); 
     peak_num++; 
    } 
    else 
    { 
     fprintf(b,"%d %f\n",i*t,y[i]); 
     bottom_num++; 
    } 
      } 
      else 
      { 
       temp=(y[i]-y[i-2])*(y[i]-y[i+2]); 
   if(temp>0) 
    if(y[i]>y[i-2]) 
    { 
             fprintf(p,"%d %f\n",i*t,y[i]); 
     peak_num++; 
    } 
    else 
    { 
     fprintf(b,"%d %f\n",i*t,y[i]); 
     bottom_num++; 
    } 
      } 
   } 
 

printf("There are %d peaks and %d valleys.\n", peak_num,  
bottom_num); 
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 fclose(b); 
 fclose(p); 
 
 
 p=fopen("peak.txt","r"); 
 p1=fopen("peak1.txt","w"); 
 p2=fopen("peak2.txt","w"); 
 
 p_y=(float *)malloc(peak_num*sizeof(float)); 
 p_x=(int *)malloc(peak_num*sizeof(int)); 
 
 i=0; 
 
 for(i=0;i<peak_num;i++) 
 { 
  fscanf(p,"%d",&p_x[i]); 
  fscanf(p,"%f",&p_y[i]); 
  if(p_y[i]==1) 
  { 
   normal_x=i; 
   printf("The max is at %d\n",p_x[i]); 
  } 
 } 
 
 for(i=normal_x-1;i<peak_num;i=i+2) 
 { 
  fprintf(p1,"%d %f\n", p_x[i],p_y[i]); 
  fprintf(p2,"%d %f\n",p_x[i+1], p_y[i+1]); 
 } 
 
    fclose(p); 
 fclose(p1); 
 fclose(p2); 
 
 printf("Bingo!\n"); 
 
   return(0); 
} 
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APPENDIX C 

Flowrates for Lighting the Porous Plug 

 

In TGS thermometry experiments conducted at the AERL, the high-pressure 

combustion environments are simulated by a water-cooled, sintered bronze porous plug 

burner.  Fuel and air enter the burner premixed and are lit by an electric spark at 

atmosphere pressure.  Some suggested flowrates for lighting the burner are listed in Table 

A.1.  The listed flowrates are the flowmeter readings, which need to be multiplied by gas 

specific correction factor to give the true flowrates.  The correction factor can be found in 

the flowmeter manuals. 

 

 

 

 

 

Table A.1  Typical flowrates for lighting the porous plug burner 
(slpm: standard liter per minute) 

 

 
 
 
 

 Fuel (slpm) Oxidizer (slpm) 

C2H4/air flame 2.0 21.5 

CH4/air flame 2.0 14.5 

CO/O2 flame 4.0 2.0 
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