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Abstract

Laser-induced breakdown is studied in ammonia and ammonia-oxygen gaseous

mixtures. We investigate the emission spectra of the NH and N2 diatomic molecules in

pure ammonia optical plasmas using multispecies spontaneous emission spectroscopy.

Gas temperatures are inferred in the decaying optical plasma by theoretical repro

ductions of the experimental spectra. Laser-induced breakdown microplasmas (laser

sparks) are used to ignite combustible ammonia-oxygen gaseous mixtures. We de

termine the minimum ignition energy requirements and laminar flame speeds over

much of the flammability limits of these gas mixtures. The experimentally deter

mined flame speeds are compared to theoretical laminar flame speeds. High-speed

shadowgraph photography and planar laser-induced fluorescence imaging of the NH

free radical is used to study the temporal and spatial development of the optical

plasma in combustible and noncombustible ammonia-oxygen mixtures.

Knowledge of the spatial and temporal evolution of gas temperature and species

concentrations as well as spatial symmetries in the laser-induced breakdown plasma is

essential for numerical modeling of laser-spark ignition. Experimentally determined

quantities such as temperature, free-radical relative number densities, minimum ig

nition energies, and flame speeds can be used to validate such models.

In all laser-induced breakdown studies, the optical discharge was created by fo

cusing Q-switched Nd;YAG laser 1.064 micrometer wavelength pulses into the gas

sample. Focused laser-pulse intensities range from lO's to IDG's of GW/cm^.
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Chapter 1

Introduction

The primary objectives of this research are to investigate 1.064 ^ira pulsed-laser-

induced plasmas in pure ammonia gas and ammonia-oxygen gaseous mixtures and

to investigate 1.064 fim pulsed-laser-spark ignition of combustible ammonia-oxygen

gaseous mixtures. The focus of the research is directed toward four major areas: local

gas temperatures, optical breakdown thresholds, minimum ignition energies, and the

spatial and temporal development of laser sparks and ignition kernels.

The goals of the experimental investigations are to characterize the Nd:YAG laser

requirements for initiation of laser-induced breakdown and laser-spark ignition of

ammonia-oxygen flammable mixtures, to establish a data base for comparison with

other modes of ignition, and to investigate shockwave effects on the ignition process.

It is important to measure these parameters in a relatively simple system to establish a

method of model verification. When developed, such a model could then be extended

to more complex ignition/combustion phenomena that occur in liquid-vapor-oxidizer

combustion systems, for example, in a gas-turbine engine.

Laser-induced breakdown (or optical breakdown) in a gas is initiated when a laser

beam (or pulse) is focused to sufficient intensity to ionize molecules in the focal



volume of the lens. For nonresonant breakdown, the initial ionization occurs through

high-order multiphoton absorption. Optical breakdown in atmospheric pressure gases

using infrared laser pulses (A > 1/i m) is dominated by cascade ionization [1]. That

is, once the initial electrons are stripped from the molecules, they are accelerated by

inverse bremsstrahlung in the presence of the strong optical field. These accelerated

electrons collide with other gas molecules causing further ionization. This cascading

process continues in the presence of the laser pulse, resulting a hot dense plasma in

the region around the focal volume of the lens.

For a high intensity laser pulse, a strong shockwave is produced by the optical

breakdown. This expanding shockwave heats the gas surrounding the breakdown

region and rapidly decays to an acoustic wave. For a tightly focused laser pulse, the

initial stages of the shockwave propagation can be approximated as a point-source

explosion or Taylor blastwave [2].

As the optical breakdown plasma (or laser spark) expands and cools, it heats the

adjacent gas and induces chemical reactions. If the laser spark occurs in a noncom-

bustible gas, the heated region will relax to the ambient temperature, although the

chemical constituents of the gas may be altered by the laser spark. In a combustible

gas, the laser spark evolves into an ignition kernel. Whether the ignition kernel devel

ops into a propagating flame depends on the size of the kernel and on the temperature

gradient across the kernel. Consider a spherical ignition kernel where the temperature

in the center of the kernel has relaxed to the order of a normal flame. If the kernel

diameter has grown to a size such that the temperature gradient between the burned

gas in the center of the kernel and the unburned gas on the periphery of the kernel



has approximately the same slope as the temperature gradient in a steady-state com

bustion wave, then a propagating flame will be established. If the kernel diameter is

to small, the heat loss from the kernel to the ambient gas will exceed the heat gain

from the exothermic chemical reactions and the combustion wave will become extinct

after only a small amount of gas around the original spark is burned.

The complexity of the optical pljisma formation and subsequent relaxation into

a flame kernel means that a computationally realizable model of laser-spark ignition

will have to include numerous approximations. Knowledge of local gas temperatures

as a function of space and time will be essential for model verification. Comparison

of theoretical predictions to experimentally determined temporal and spatial temper

atures would be a good method of checking the models accountability of real gas

and radiation transport effects. It may also be possible to formulate an approximate

model based on experimentally determined temperatures, species number densities,

and spatial dimensions of the ignition kernel - thereby bypassing the difficulties of

modeling laser-induced breakdown and blcistwave dynamics.

This dissertation focuses on the experimental study of laser-spark ignition in

ammonia-oxygen mixtures using a Q-switched Nd:YAG laser (A = 1.064 /xm). There

fore, the pulsed laser interaction with the gaseous medium needs to be characterized.

Since laser-spark ignition cannot be achieved without optical breakdown, knowledge

of the breakdown threshold is required for these gases at the given laser wavelength,

laser pulse width, and focal conditions.

Once optical breakdown is achieved, the energy deposited into the laser spark

is the primary factor in establishing a combustion wave. Therefore, minimum ig-



nition energy is a very good parameter to compare to theoretical predictions. It is

also a convenient parameter for comparison with other ignition modes (i.e., electrical

sparks).

Shadowgraph and laser-induced fluorescence imaging of the NH free radical is

used to visualize shockwave effects outside of the spatial region where spontaneous

emission is observed. Ignition delay times are investigated using these data. The

acquired images are used to investigate spatial symmetries in the kernel development.

It is know from previous shadowgraph studies [3] with other gaaes that the laser spark

induces turbulence in the ignition kernel. LIF imaging is used to probe this effect

as well. Shadowgraph imaging is also used to measure flame propagation speeds as

a function of the fuel/air ratio. Spatial dependencies and laser-induced symmetry

effects on the flame propagation are investigated. Comparison of the experimental

results are made with theory using the CHEMKIN laminar flame computer code [4].

Chapter 2 summarizes the initial efforts of characterizing the laser spark in pure

ammonia. The spontaneous emission spectra that is produced in a laser spark is inves

tigated and a method of inferring temperature from theoretical fits to experimental

spectra of the yl^IIi - system of NH and the C^n„ - B^Iig second positive

system of Nj is presented. Thermodynamic equilibrium within the plasma is also

discussed and nonequilibrium experimental and theoretical spectra are presented. In

Chapter 3, the minimum energy thresholds for nonresonant laser-spark ignition of

atmospheric pressure ammonia-oxygen (NH3-O2) gaseous mixtures are studied as a

function of the fuel-air ratio; and the optical breakdown thresholds in pure ammonia,

pure oxygen, and room air are determined. A method of calculating the focused in-



tensity of a measured laser beam spatial profile is presented. Flame speeds in various

ammonia-oxygen laser-spark ignited mixtures are measured in Chapter 4. The results

are presented as laminar flame speeds and the experimental values are compared to

theoretical laminar flame speeds. In Chapter 5, spatially and temporally resolved

images of the laser spark are presented. Shadowgraph and planar laser-induced flu

orescence images are used to track the optical plasma as it either relaxes in pure

ammonia gas or evolves into an ignition kernel and subsequently into a propagating

flame in combustible ammonia-oxygen mixtures. These images are also used to study

ignition delay times and to study shockwave and gas dynamic effects on the ignition

kernel and the propagating flame front.



Chapter 2

Analysis of Combined Spectra of
NH and N2

2.1 Overview

Laser-induced breakdown plasmas characteristically have rich emission spectra. Di

atomic spectra, which result from atomic recombination and thermal excitation in

the optical plasma, are often observed as a superposition of multiple species. These

spectra can be used to probe the optical plasma. Common diagnostic goals are the

determination of the degree of thermodynamic and chemical equilibrium, the deter

mination of temperature, and the determination of the population densities of the

observed species. This chapter is concerned with the use of spectroscopic methods

to infer temperatures and possibly population densities from the combined spectra of

well known systems of NH and N2: the .A^H,- - system of NH and the C^H^ -

B^Ug second positive system of N2.

The basic tools used here are tables of electric dipole line strengths and a computer

code that uses the line strengths to compute an emission spectrum for the given tem

perature of an assumed Boltzmann distribution of states and a given line width of an



assumed Gaussian line shape [5, 6]. A second code augments the emission spectrum

routine with the Nelder-Mead algorithm [7], thereby permitting one to find the ro

tational temperature, vibrational temperature, and relative excited state population

densities that give best agreement, in a least squares sense, between experimental and

synthetic spectra [8, 9, 10].

The Einstein coefficients, oscillator strengths, etc., can each be defined in terms of

the line strength, as shown, for example, in Thome's table [11]. Thus, the line strength

is a very convenient quantity for the computation of synthetic spectra. Figures 2.1

and 2.2(a) are examples of synthetic spectra one can easily compute using a line

strength file. Figure 2.1 is a low resolution synthetic spectrum, which shows the

content of our line strength file for the N2 second positive system. Figure 2.2(a) gives

a much higher resolution synthetic spectrum, computed using the same program and

line strength file used to compute the spectrum of Fig. 2.1, and should be compared

with the experimental spectrum of Roux et al. [12] reproduced in Fig. 2.2(b).

In this chapter, the results of several experiments that use the technique of a

multispecies theoretical reproduction of combined NH-N2 experimental spectra are

presented. The primary objective is to infer the vibrational-rotational temperature

of diatomic molecules under various experimental conditions. First, results obtained

from pulsed laser-induced breakdown (LIB) in ammonia gas are discussed. A plasma

emission spectrum is used to determine which band systems to include in the multi-

species model. Second, the multispecies fitting technique is applied to experiments in

which variations in the spontaneous emission signal levels and vibrational-rotational

temperatures are investigated as a function of laser pulse energy. Third, temperature
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measurements, in which the spatial temperature variation across the focal volume of

the breakdown laser pulse is resolved, are reported. Finally, the results of a mul-

tispecies fit to an experimental spectrum in which the vibrational and rotational

temperatures are clearly not in equilibrium are presented. First, a brief description

of the line strength files used to calculate the theoretical spectra is provided.

2.2 The Line Strength Files

The line strengths are obtained by fitting a model Hamiltonian to reported experi

mental line positions. This gives the set of molecular parameters, appropriate to the

model Hamiltonians for the upper and lower states, that is used to compute the line

strengths. The many differences, large and small, between various model Hamilto

nians that have been reported in the literature make the use of reported molecular

parameters very difficult. For example, Rensberger et al. [13] reported large dif

ferences, on the order of 1 to 2 A, between their calculated NH line positions and

experimentally measured line positions, even though the molecular parameters and

experimental line positions came from the same paper by Brazier et al. [14]. Our

method produces molecular parameters which are in poor agreement with those re

ported by Brazier et al. but reproduces their reported NH experimental line positions

with a standard deviation of 0.003 cm~^ The line positions in our fits to the N2 sec

ond positive system data of Roux et al. [12, 15] typically had a standard deviation

of 0.001 to 0.01 cm~^.
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2.3 Laser-Induced Breeikdown Spectra

2.3.1 Experiment

A pulsed Nd:YAG (Continuum YG680S) laser was used to generate optical breakdown

in research grade anhydrous ammonia. The Nd:YAG laser is Q-switched and emits

1.064 fim pulses with a pulse width of 6 ns full width at half maximum (FWHM).

This laser operates in many longitudinal modes, which gives mode beating and hence

temporal substructure to the 6 ns pulse. The output pulses were beam expanded,

using a 4 X antireflection coated beam expander. The expanded pulses were focused,

using a antireflection coated, plano-convex, 10 cm focal length lens, into a vacuum cell

which contained the ammonia gas at 100 torr. The beam diameter of the expanded

laser pulses was approximately 2 cm, resulting in a f/# of approximately 5. The

gas cell is equipped with 1.5 inch, uncoated, fused silica windows on four sides and

the cell was positioned so that these windows were in the horizontal plane. The

plasma emission was imaged, perpendicular to the laser pulse propagation, with one-

to-one magnification, onto an 800 fim diameter fiber-optic cable, which was optically

coupled to a spectrometer. The spectrometer used to disperse the spectrum was a

Jobin-Yvon crossed Czerny-Turner 0.64 meter spectrometer equipped with a 1200

g/mm grating. The spectrum was recorded with an intensified, gated CCD detector

(EG&G PARC 0MA4, Model 1530-CUV) equipped with a lens-coupled intensifier.

Wavelength calibration was accomplished by comparing the experimental spectrum

to a theoretical spectrum.

The experimental spectra were recorded 0.5 /xs after the laser pulse and consist of

11



an average of 1000 events. The average energy per pulse was 60 mJ.

2.3.2 Description of Combined NH and N2 Spectra

Figure 2.3 shows an experimental NH A^H,- - X^L~ spectrum and poorly fitted

synthetic spectrum obtained by using only the NH line strength file and assumed

vibrational-rotational equilibrium. The largest disparities between experiment and

theory are in the region of the strongest bands of the Av = 0 sequence of the N2

C^Hu - B^Hg second positive system. An appropriately scaled N2 second positive

theoretical spectrum is also shown in Fig. 2.3. The theoretical NH spectrum shown

in Fig. 2.3 was fitted only to the spectral region outside the influence of the N2 second

positive system (A > 338 nm). The shorter wavelength portion of the NH spectrum

was calculated from the resulting best fit temperature (4670 K). The N2 spectrum

was calculated for a temperature of 5000 K.

Attempts to fit the entire experimental spectrum with only NH resulted in signif

icant increases in temperature (AT ~ 700 K). In fitting the spectrum, the program

attempts to duplicate the intensity ratio between the strong 0-0 and 1-1 Q-branches

and at the same time reproduce the R- and P-branch rotational structure. The su

perposition of the N2 0-0 band and the NH 1-1 band at 337 nm is the primary cause

of the increase in fitted temperature. A typical fit is shown in Fig. 2.4. The largest

disparities are in the region of the N2 system and the NH 2-2 vibrational band.

To decrease the disparities between theory and experiment, the fitting of the

synthetic spectrum was repeated using line strengths for both NH and N2. In the

fitting procedure, the rotational and vibrational temperatures were again assumed to

12
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be the same. This common temperature and the intensity contribution of each species

were allowed to vary until the sum of the squared residuals between the experimental

and synthetic spectra was minimized. The addition of N2 into the model gives the fit

shown in Fig. 2.5, in which the standard deviation in the sum of the squared residuals

is reduced by a factor of 2 compared to that of Fig. 2.4. The best fit temperature

of 4950 K is 280 K (or 6%) larger than the rotational fit of Fig. 2.3. In a previous

paper [9], a confidence interval of ±5% for the fitted temperature was inferred from

parameter studies. The results above are consistent with this evaluation.

The NH-N2 spectrum is consistent with the assumption of thermal equilibrium

between the rotational and vibrational states. We have previously reported tempera

tures inferred from CN violet [8] and C2 Swan [9] spectra emitted from laser produced

plasmas in which equilibrium between the rotational and vibrational states was also

observed.

Further analysis on the degree of equilibrium that exists in the optical plasma can

be accomplished through the relative emission intensities of the NH-N2 spectra. The

following analysis shows that the observed spectra are either not in chemical or not

in thermodynamic equilibrium, or both.

The emission intensities calculated from the line strength files are in the form of

absolute intensity per excited state molecule. The total intensity for two excited state

molecules is

Itotai = h RI21

where i? is a scaling factor for relative intensities between two molecular species and

15
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can be equated to the relative excited state number density. If the molecules are

in thermodynamic equilibrium, then the excited state number density ratio can be

related to the ground state number density ratio by the relation

N? 0,'

where 7V° is the ground state number density of species i and Qi is its partition

function.

The ratio of partition functions Qn^IQnh at 5000 K is approximately 1.8. For

the fitted spectrum in Fig. 2.5, R= 1.6 x 10®. This implies that ~ 3 x 10®.

The Gordon-McBride chemical equilibrium code [16] at 100 torr and 5000 K pre

dicts that ~ 2 X 10^. Electronic partition functions tell us that at 5000 K

the ground electronic state of N2 will be practically 100% occupied while that of NH

will be 98% occupied. These results imply that (a) the molecules are not in chemi

cal equilibrium and/or (b) the assumption of thermodynamic equilibrium cannot be

justified.

Spectra recorded at earlier times in the plasma contain lines of atomic hydrogen,

atomic nitrogen, and its ions. The NH-N2 spectra observed in the plasma decay are

the result of recombination fluorescence, and therefore, chemical and thermodynamic

equilibrium should not necessarily be expected at early time delays in the plasma

decay. However, for long enough time delays after the laser-induced plasma initiation

(on the order of lO's of microseconds depending on the laser pulse energy), diatomic

spectra have been observed in thermodynamic and chemical equilibrium [17, 18).

Thus, one can only infer from the NH-N2 spectra that the intensity contribution of
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each excited state molecule inferred from the best fit above is the population density

ratio of excited state molecules that radiatively decay to the lower electronic state.

2.4 Laser Pulse Energy Variation Study

2.4.1 Experiment

In this experiment, the laser pulse energies were varied to investigate the effects of

absorbed energy on the NH-N2 signal level and the vibrational-rotational temperature.

Pulse energies were varied from sub-threshold values, in which breakdown did not

occur and a signal was not observed, up to 60 mJ.

The experimental setup was the same as that in the previous section with the

following additions. In order to achieve the desired degree of energy attenuation

without changing the temporal or spatial characteristics of the laser pulses, optical

flats were placed in the beam path. The optical flats were inserted as matched pairs

to prevent beam walk. An energy meter (Scientech, Model P50, calibrated for 1.06

^m) was placed after the vacuum cell to monitor the average pulse energy of the

optical breakdown pulses.

Spectra were recorded with a detector gate-width of 1 /is and time delays of 0.5 /is

and 1 /IS. Emission signals were averaged over 1000 laser shots for each pulse energy

studied.

2.4.2 Results

Temperatures were inferred from spectral fits to the combined NH-N2 profiles as

discussed in Section 2.3. The experimental and theoretical profiles are essentially

18



the same as those shown in Fig. 2.5. NH-Na signal levels were determined from the

difference in intensities at 336.01 nm (the peak of the 0-0 band) and 327.82 nm (which

served as the background).

Average incident energies for each data point were determined by evacuating the

vacuum cell, so that optical breakdown would not occur. Reflective losses of the

rear window of the cell were measured and corrected for in all energy measurements.

During the acquisition of the spectra, average transmitted energies were measured so

that the average energy per pulse absorbed by the optical breakdown plasma could

be determined.

Figure 2.6 shows the resulting temperature as a function of the absorbed energy.

The temperature appears to very quickly approach an asymptotic value relative to the

considered abscissa values. It is likely that a saturation occurs in the optical plasma.

Yal^in et al. [19] found that as more energy is added to the optical breakdown pulse

both the electron number density and temperature quickly saturate. That is, as the

pulse energy is increased above some critical value the plasma becomes larger - rather

than hotter and more dense.

Figure 2.7 shows the NH-N2 emission signal level (detector counts) of the combined

spectra as a function of the absorbed energy. The signal level was measured at the

peak of the NH 0-0 band (336 nm). The emission signal shown in Fig. 2.7 also appear

to approach an asymptotic value as the absorbed energy increases. This behavior

implies that there is a maximum number density of NH molecules which are created

by the optical breakdown. This behavior is consistent with the saturation discussed
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above.

2.5 Spatially Resolved Spectra

In this experiment, optical breakdown in pure ammonia gas at atmospheric pressure

was generated by flowing the gas through a flat flame burner. The burner was posi

tioned in front of the entrance slit of the spectrometer and the breakdown was imaged

onto the entrance slit. The orientation of the slit was perpendicular to the optical

axis of the focused laser beam. A CCD detector was used to record the spectra. The

horizontal dimension of the CCD array records the spectral signature of the dispersed

radiation and the vertical dimension of the CCD array resolves variations along the

spectrometer entrance slit and hence at right angles to the optical axis of the laser

beam. The laser used in this experiment was a Coherent Infinity 40-100 Nd;YAG

Laser System. The average incident energy was 47 mJ and the average absorbed

energy was 42 mJ. The laser pulse width was 3.5 ns FWHM.

Figure 2.8 is a pseudocolor image of the spatially resolved NH-N2 spectra. The

ordinate represents the spatial dimension of the spectrometer slit and the abscissa

represents the spectral dispersion of the spectrometer. This image was acquired at a

time delay of 4.8 /zs after the breakdown pulse with a 1 //s gate width and represents

an average of 1000 laser shots.

The same fitting procedure as described in Sections 2.1 and 2.3 was applied to

these spectra. The resulting temperatures across the plasma are shown in Fig. 2.9.

The uncertainties shown in Fig. 2.9 represent ± 5%. These two figures show that the

spatial extent of the NH emission from the plasma is about 2 mm. Although there
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appears to be some structure in the temperature profile, especially near the peak, the

variation is fairly smooth over the NH emission region.

2.6 A Glow Discharge Spectrum

The spectrum of Fig. 2.10 shows a low resolution Av = 0 sequence of the N2 second

positive spectrum corrupted by the 0-0 band of NH. The spectrum was dispersed and

recorded using the same Jobin-Yvon spectrometer and CCD detector described above.

The emission source was a commercially available low-pressure discharge tube filled

with high purity nitrogen. Also shown in the figure is a nonequilibrium synthetic

spectrum fitted to the data again using the NH and Na line strength files. This

time the rotational temperature T,, the vibrational temperature Tv, and the ratio of

excited state population densities were allowed to vary. However, the vibrational and

rotational temperature were assumed to be the same for the two species. From the

resulting fit (T^ = 570 K, T„ = 4200 K), one can conclude that the Na molecules are

clearly not in vibrational-rotational equilibrium, as the fitted vibrational temperature

is an order of magnitude larger than the rotational temperature.
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Chapter 3

Laser-Spark Ignition Thresholds
of Ammonia-Oxygen Gaseous
Mixtures

3.1 Background

Several years after the first reported observation of optical breakdown [20] researchers

began to use laser sparks to study spark ignition of combustible gases [21, 22]. Fol

lowing the initial pulsed ruby studies, laser ignition was extended into the ultraviolet

and infrared and, as a result, new Iciser ignition mechanisms were discovered. These

mechanisms can, in general, be grouped into four categories [23, 24]: (1) thermal

ignition, where the combustible gas is heated by the presence of the laser beam to

the autoignition temperature. This type of ignition usually involves infrared wave

lengths and c/w lasers; (2) photochemical ignition, in which the absorption of photons

initiates chemical reactions that lead to the formation of free radicals, which drive

the combustion processes; (3) nonresonant spark ignition, in which a laser beam (or

pulse) is focused to sufficient intensity to cause dielectric breakdown of the gas, and

(4) resonant spark ignition, in which single- or multi-photon resonances are exploited
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to aid in the initial processes of optical breakdown. A thorough review of these four

mechanisms is given in the article by Ronney [24]. Further discussion in this chapter

is limited to nonresonant spark ignition generated by pulsed lasers.

Historically, spark ignition models have been developed in terms of experimentally

determined parameters, such as minimum ignition energies, quenching distances and

burning velocities [25]. With the increased availability of powerful computers, ignition

models based on solutions of the conservation equations have begun to appear.

Modeling of spark ignition is complex. The phenomena that occur from spark

formation to global combustion include aspects of nonlinear electrodynamics, plasma

physics, fluid dynamics and combustion kinetics. Construction of such a model re

quires numerous approximations. It is therefore essential to have experimental results

for diflferent time sequence events in the ignition process to guide and to check the

model. Early time behavior (t< 6/is) of the laser spark development and subsequent

relaxation in ammonia gas were discussed in Chapter 2. Studies of early time behavior

of laser sparks in hydrogen gas have previously been reported [26, 27]. In combustible

gases, an important experimental parameter is the minimum ignition energy.

Spark ignition of a combustible gas is achieved by creating a plasma within the

gas. The principle factors that determine whether a particular spark will develop

from an ignition kernel into a sustained combustion wave are the energy deposited

into the spark and the physical size of the spark channel.

A spark that results from a focused laser pulse deposits its energy into a very small

spatial region. Compared to the dimensions of most practical combustion devices,

the laser-spark can be approximately considered as a point source in space, and,
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for picosecond/nanosecond laser pulses, in time. This "instantaneous" point source

deposition of energy causes very rapid heating and expansion of the gas in the focal

volume. In this case, the size of the ignition kernel is determined by the energy

absorbed by the spark and the physical properties of the gas.

Laser sparks are closely related, phenomenalogically, to electrical sparks. How

ever, there are some important differences. Electrical spark time durations are usually

several orders of magnitude longer than laser sparks. Typical electrical spark dura

tions vary from hundreds of nanoseconds to hundreds of microseconds. Laser pulses

used in nonresonant laser-spark ignition studies typically vary from tens of picosec

onds to tens of nanoseconds. Therefore, the shock or pressure wave associated with

electrical sparks is much weaker. In most cases the electrical spark duration is of the

same order as the ignition delay time. Laser sparks generated using short laser pulses

can be considered instantaneous on combustion kinetic time scales.

Systematic studies of minimum ignition energies using electrical sparks have been

reported for most flammable gases [28]. However, only a couple of papers have been

found that study spark ignition of ammonia in which the ammonia was used as the

primary fuel [29, 30]. To our knowledge, there are no published laser ignition studies

that use ammonia as the primary fuel.

3.2 Experimental Details

It was discovered during the course of the experiment that the minimum ignition

energy threshold was less that the optical breakdown threshold for fuel equivalence

ratios between ~ 0.2 and ~ 1.2. Therefore, this experiment was conducted using two
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separate experimental configurations. Figure 3.1 show a schematic of the experimen

tal arrangement used to measure the minimum ignition energy for fuel/air ratios in

which the ignition energies were greater than the optical breakdown thresholds. The

excitation source for the optical breakdown was a Coherent Infinity 40-100 Nd:YAG

Laser System operated at the fundamental wavelength of 1.064 ̂ m. The 3.5 ns, lin

early polarized, output pulses can be varied in energy from 0 to 500 mJ. However, at

low energy settings the shot-to-shot repeatability was insufficient for ignition thresh

old studies. Therefore, the pulse energy was attenuated by placing a 45° mirror and

a 0.5° quartz wedge in the optical path. The wedge also allowed us to monitor the

incident pulse energy by directing the reflection from the back surface onto an energy

meter (Laser Precision Corporation, Model Number RJP-734). The reflection from

the front surface was used as the optical breakdown source.

The laser sparks were created by focusing the attenuated laser pulses with a 1"

diameter, 4" focal length, antireflection coated, plano-convex lens into ammonia-

oxygen mixtures. A second energy meter (Scientech, Model Number P50, calibrated

for 1.06 /xm) was placed after the optical breakdown to monitor the energy transmitted

by the spark.

The relative magnitudes of the reflections from the front and rear surfaces were

calibrated by comparing the two energies in instances where optical breakdown did

not occur. Actually, this scenario was not difficult to achieve because, as discussed in

Section 3.3.2, the breakdown threshold of ammonia is considerably less than room
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air. In this way, the relationship between the measured incident energy and the

true incident energy could be established. This method was preferred since the opti

cal breakdown absorbs only a portion of the laser pulse, making it difficult to infer

the incident energy from the transmitted energy measurement. It was desirable to

measure the laser pulse incident and transmitted energies for each event since shot-

to-shot energy variations introduced large errors into average energy measurements.

In addition, each time an ignition occurred the flame had to be extinguished, thereby

interrupting the gas flow and further complicating average measurements.

Photodiode traces of the transmitted laser pulses typically show that 100% of the

laser pulse is removed from the pulse once breakdown occurs. Conversely, the front

part of the pulse, which traverses the breakdown region before the threshold is real

ized, is not absorbed or scattered by the plasma and continues along the unperturbed

optical path. Figure 3.2 contains schematic representations of temporal profiles in

which optical breakdown does and does not occur. After the breakdown threshold is

realized the photodiode trace drops to zero within a time limited, in this experiment,

by the bandwidth of the measuring system (photodiode fall time < 350 ps, oscillo

scope bandwidth = 2 ns). In Fig. 3.2(b) the optical breakdown threshold is reached

at the peak of the laser pulse. If the threshold is reached at some point below the

peak, then a larger fraction of the pulse energy is absorbed by the optical plasma.

Guilietti et al. [31] have shown that for high energy (6 J & 13 J) 20 ns FWHM

pulses that 40 % or more of the incident laser pulse can be diffracted by the plasma

outside the unperturbed beam cone into a forward angle not exceeding 14° for f/8

focusing optics. However, this scattering occurred for the latter portion of the laser
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Figure 3.2: Schematic representations of temporal laser pulse profiles (a) where optical
breakdown does not occur and (b) where optical breakdown does occur. The shaded
region in (b) represents the pulse energy absorbed by the plasma.

33



pulse. Syage et al. [32] have verified that scattering at larger angles is negligible

compared to the unperturbed portion of the transmitted pulse.

The laser pulse energies of 6 and 13 J studied by Guilietti et al. combined with

the f/8 focusing optics resulted in power densities that greatly exceeded (by orders

of magnitude) the breakdown threshold of the sample gas. For the near-threshold

values in this experiment forward scattering effects were not observed. Nevertheless,

as a precaution the second energy meter was positioned so forward scattering with

an angle of up to approximately 20°, if present, would be included in the energy

measurements.

The combustible gas mixtures were provided by flowing premixed ammonia and

oxygen through a McKenna Products flat flame burner. The diameter of the burner

is 6 cm and is made of sintered stainless steel. The laser pulses were focused into the

center of the annulus formed by the flowing gases at a height of approximately 0.5"

above the burner surface.

The flow rates of the two gases were individually monitored using calibrated flow

meters. A total flow rate of 7.6 1/min was chosen for ignition studies since this flow

rate produced a stationary flame on the burner for a wide range of fuel/air ratios.

For each fuel/air ratio studied, the laser pulse energy was adjusted to near the

ignition threshold. The desired pulse energy was achieved when approximately one-

half of the laser pulses did not result in ignition. Then, 20 to 30 measurements were

made. For each laser shot, the flow rates of the ammonia and oxygen, the incident

energy, the energy transmitted by the plasma, and whether or not ignition occurred

were recorded.

34



Figure 3.3 shows a schematic of the experimental arrangement used to measure the

minimum ignition energy thresholds for fuel/air ratios in which the ignition energies

were less than the optical breakdown thresholds. The gas delivery and monitoring

system used was the same as in the previous experiment. The excitation source was

a Continuum YG680S Nd:YAG laser. The Q-switch was adjusted to yield 4.5 ns

pulses at the fundamental wavelength of 1.064 was variably attenuated by directing

the front surface reflections from a quartz wedge and a 5% beamsplitter through two

prism beamsplitters/polarizers. The pulse energy incident on the ammonia-oxygen

mixtures was controlled by adjusting the orientation of the second polarizer relative

to the first. The optical breakdown threshold of the gas was reduced approximately

two orders of magnitude by inserting a 0.125 inch diameter tungsten rod into the

focal volume of the lens. The minimum ignition energies were obtained by measuring

the average of 80 laser pulses at a setting just above and just below the ignition

threshold and assuming that all but 10% of the pulse energy is absorbed by the

plasma. The 10% correction factor was inferred from measured, reflected energies

from a flat tungsten surface placed at a 45° angle to the incident laser pulse.

3.3 Results and Discussion

3.3.1 Minimum Ignition Energies

In initial experiments a 10 nm band-width laser line filter centered at 308 nm and a

photomultiplier tube were used to monitor OH emission from ignited flames. The
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presence of OH emission was used to indicate if ignition had occurred. It was noted

that the OH emission was directly correlated with visual observation of a flame. As a

result, in subsequent experiments, an ignition event was said to occur when a steady

flame was established on the burner when the fuel equivalence ratio {<f)) and flow

rates were in the range where the burner would support a steady flame. For very lean

mixtures < 0.2), ignition was said to occur when a flame was visible to the eye

under low light conditions.

Figure 3.4 gives the resulting minimum absorbed ignition energies as a function

of the fuel equivalence ratio. Figure 3.5 shows these same energies but with the

percentage of fuel by volume plotted as the abscissa. In these plots the maximum

non-igniting and the minimum igniting pulses are used to determine the minimum

ignition curve. The shaded region between 200 and 300 /iJ absorbed energy indicates

the optical breakdown threshold limit. The points below this region were acquired

with the tungsten rod inserted into the optical path of the laser pulses. The larger

relative errors observed in Figs. 3.4 and 3.5 are due to uncertainties introduced in the

average energy measurements and uncertainties in the amount of total pulse energy

absorbed by the optical plasma.

Also shown in Figs. 3.4 and 3.5 are the electrical spark results obtained by Verkamp

et al. [29] for ammonia-air mixtures. The curve drawn through the Ijiser ignition

points predicts a minimum of 50 to 60 /ij at ̂  ~ 0.6 (or % ammonia ~ 45), whereas

the electrical spark ignited ammonia-air minimum energy is 7 to 8 mJ and lies at

<!> ~ 0.85. A shift to lower equivalence ratio (or higher % fuel) with increased oxygen

concentration is observed with spark-ignited hydrocarbon fuels. For gaseous hydro-
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carbon fuels such as methane, ethane, and propane the minimum spark energies of

fuel-air mixtures at atmospheric pressure are approximately two orders of magnitude

higher than those of fuel-oxygen mixtures at the same pressure [25]. This ratio and

the shift to lower fuel equivalence ratio are observed in the ammonia-oxygen results

as well.

3.3.2 Optical Breakdown Threshold

In order to establish the minimum laser requirements for laser-spark ignition and the

limitations in minimum ignition studies the optical breakdown threshold of (1) air,

ammonia and oxygen using the Coherent Infinity laser and (2) ammonia using the

Continuum YG680S Nd:YAG laser were measured. The minimum laser requirements

are determined by the ability to focus a laser pulse to sufficient intensity to create

optical breakdown in the gas sample. The ability to focus depends primarily on the

beam divergence and on the longitudinal mode quality of the laser. These parameters

vary from laser to laser. The limitation to minimum ignition studies refers to the

fact that the laser pulse will not ignite the gas mixture unless optical breakdown is

achieved. If the optical breakdown threshold is too high, as in the case of the 3.5 ns,

1.064 fim pulses, then more energy than is required to light the gas mixture will be

absorbed from the pulse.

In the first experiment, the threshold energies were measured using the calibrated

energy meter in air, pure ammonia, and pure oxygen. Focused intensities were inferred

by recording the beam profile at the focusing lens plane and calculating the focused

beam waist. The beam waist calculation is described in Appendix A. The resulting
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intensities are 170±15 GW/cm^ for ammonia, 290±10 GW/cm' for oxygen and 280±

15 GW/cm^ for room air. The uncertainties are inferred from energy measurement

uncertainties.

Ideally, the Infinity laser has a diffraction limited circular top-hat output beam.

Our threshold measurements were made in the far field. Therefore, with perfect

alignment of the laser components, one would expect the beam intensity profile to be

the Fraunhofer diffraction pattern from a circular aperture. However, the measured

profile differed from the ideal diffraction pattern. In Fig. 3.6 the recorded laser pulse

is shown. Note the asymmetry in the wings of the pulse and the indication of the

Airy disk first minimum near the top of the image. Figure 3.7 shows a trace of the

normalized intensity versus distance, extracted from bottom to top across the peak

of the two dimensional profile shown in Fig. 3.6, together with an Airy function and

Gaussian intensity profile. The Airy function is scaled so that the peak and first minu-

mum coincide with the laser pulse intensity trace. The Gaussian was calculated from

least squares best fit width parameter. For Gaussian input beams, the nonaberrated,

focused beam waist (wq) can be calculated using

A/
ti^o —

TTWi

where A is the laser wavelength, / is the focal length of the lens, and Wj is the

beam waist of the input beam. Using the best fit Gaussian as the input beam (wi =

2.14mm), this expression yields wq = 15.8^m, with A = 1.064/xm and / =10 cm. The

computer code discussed in Appendix A also yields 15.8 fim for the focused beam
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waist. For the Airy function input profile, the computer code gives wo = 27.4/im. Cal

culated focal plane radial intensity distributions for the Gaussian and Airy function

input beams are shown in Fig. 3.8. Figure 3.9 shows a cross-section of the calculated

beam focus for the measured, two dimension, intensity profile. The beam waist in

ferred from this figure is 14.7 /xm. The 'squareness' of the beam for low intensities

near the edges is an artifact of the square geometry of the CCD chip used to record

the spatial cross-section pulse profile. However, near the center of the image the edge

effects are negligible.

In the second measurement a gas cell was filled with high-purity ammonia to

one atmosphere. The breakdown threshold energy was established with 30 ns laser

pulses. The intensity at threshold was determined by measuring the focused beam

waist of attenuated laser pulses in a fluorescent dye solution. The inferred breakdown

threshold in this experiment is 35 ± 8 GW/cm^, where the error is primarily due to

uncertainty in the beam waist (cjq = 44 ± 5/xm).

For the intensity profiles discussed in this section, the beam waist (a;) is taken as

the average radial position where the intensity has decreased from its peak value by

a factor of 1/e^. The focused intensities are determined by averaging the measured

pulse energy over an area ttwq.
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Chapter 4

Flame Speeds of Laser Ignited
Premixed Ammonia-Oxygen Gas

4.1 Background

Optical plasmas resulting from focused laser beams or pulses have been shown in

previous studies to be effective ignition sources in combustible gas mixtures [21, 22,

32, 33, 34, 35, 36, 37]. For short pulsed lasers (on the order of lO's of nanoseconds

or less) focused to less than 50 microns in diameter, the resulting optical breakdown

(laser spark) in the gas mixture can be approximately considered as an instantaneous,

point ignition source. The actual breakdown region can be roughly visualized as the

volume that results from the product of the focal spot area and the Rayleigh range

- a cylindrically symmetric volume whose length along the optical axis is larger than

its width by a factor equal to twice the {/^ of the focusing lens. With a f/^^ of 5 and

a beam waist of 25 /im, the initial laser spark will have a width of 50 /xm and a length

of 500 /xm. On distance scales of several centimeters or larger, the submillimeter

differences in the dimensions of the initial spark will be negligible. Thus, laser spark

ignition results in a nearly spherical, outwardly diverging flame.
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A freely propagating flame consist of a very well defined deflagration wave - or

reaction front - where the fuel and oxidizer are rapidly heated and the chemical re

actions that involve numerous free radicals and reaction intermediates occur. The

deflagration wave is preceded by a preheat zone of comparable thickness and suc

ceeded by the combustion products. Also associated with the reaction front is a rapid

decrease in the gas density and a rapid increase in particle velocity that naturally fol

lows the temperature rise. The gradients and magnitudes of the preceding events are

strongly dependant on the fuel-air ratio. Typical results of a theoretical laminar (i.e.

one dimensional) flame calculation [4] are shown in Fig. 4.1 for an ammonia-oxygen

flame with a fuel equivalence ratio of 1.0. The results demonstrate that the reaction

zone for ̂  = 1 is clearly less than 0.5 mm.

If the flame front thickness is assumed negligible compared to its distance from

the ignition source, then the spherically expanding flame front can be related to a

laminar flame velocity by [38, 39]

Sl = {pb/pu)drf/dt. (4.1)

In Eq. 4.1, Sl is the laminar flame speed, pb and /?„ are the densities of the burned and

unburned gases, respectively, and r is the radial distance of the flame front from the

ignition source. The negligible flame front thickness approximation requires that the

flame front radius measurements be made as far from the ignition source as possible.

Flame stretch associated with expanding deflagration waves can, under certain

conditions, induce instabilities in the flame front. No instabilities were noted in the

gas mixtures reported here.

48



10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

density (10'gm/cm*)

I  I I I

10 -0.05 0.00 0.05 0.10

distance (cm)

Temperature (K)

velocity (m/sec)

n  n n '

0.15 0.20

Figure 4.1: Theoretical velocity, temperature, and density profiles for a freely propa
gating stoichiometric ammonia-oxygen premixed flame.
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In Chapter 3, minimum ignition energies for laser ignition of ammonia-oxygen

gaseous mixtures were studied. Here flame speed measurements over the same fuel

equivalence ratios are reported. The measured flame speeds are compared to theo

retical values calculated using the one dimensional premixed flame code of Kee et al.

[4] and the reaction mechanism as found in Ref. [40].

4.2 Experiment

Premixed ammonia-oxygen gas mixtures of variable fuel/air ratios were flowed through

the flat flame burner (McKenna Products) at a constant flow rate of 7.6 1/min. A

constant total flow rate was used over the entire range of fuel/air ratios studied to

ensure that effects of the bulk gas flow velocity would be consistent between data

sets. The flow rates of the individual gases were monitored using calibrated mass

flow meters. Use of the flat-flame burner greatly simplified the experiment compared

to combustion bomb studies in terms of gas handling, and it eliminated the boundary

effects that occur in closed containers. However, the flat flame burner restricted flame

propagation measurements to regions far from the edge because of diffusive mixing

with atmospheric gases. Although the burner is equipped with a sheath gas ring

on is periphery, it had to be removed as it was made of brass, which is corrosive in

ammonia.

The gases were ignited using single pulses from the Coherent Infinity Nd:YAG

laser. The fundamental wavelength of 1.064 /xm was used. The Iciser pulse width

was 3.5 ns FWHM. Large variations in absorbed energy result in fluctuations in the

ignition kernel diameter at a given time delay. Therefore, the laser pulse energy was
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adjusted to several millijoules above threshold ensure repeatable absorbed energies.

The incident and absorbed energies were monitored using a 0.5° quartz wedge and

two energy meters as shown in the experimental layout in Fig. 4.2.

The shadowgraph images were acquired using 308 nm, 10 ns XeCl excimer laser

pulses which were synchronized to the Nd:YAG laser ignition pulses through an exter

nal delay generator. The backlight excimer pulses were used to image the developing

flame kernel at a preselected time delay with respect to the ignition pulses. A CCD

camera was used to record the shadowgraph images directly onto a PC. The camera is

equipped with an electronic shutter. The minimum gate attainable with this shutter

is 1 ms. A typical sequence of shadowgraphs is shown in Fig. 4.3. In these images

the Nd:YAG laser is incident from the left.

After each ignition event, the flame was extinguished by interrupting the gas flow

to the burner. Therefore each shadowgraph image was acquired from a separate

ignition event. This procedure introduced a small variation in the gas flow rates,

which resulted in a maximum standard deviation in the fuel equivalence ratio of 2%,

although in most cases the standard deviation was less than 1%.

A particular experimental sequence consisted of the following. The predetermined

flow rates of the ammonia and oxygen were individually established through the

burner. When the gas flow rates stabilized, the Nd:YAG laser was fired with the

external delay generator. The trigger out circuit of the delay generator was used to

trigger a digital oscilloscope (LeCroy, Model No. 9314) to record the gas flow rates

and the transmitted energies. At the appropriate time, the delay generator was trig-
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gered the excimer laser, the CCD camera electronic shutter, and the incident energy

meter digitizer. A personal computer then stored the gas flow rates, energy meter

readings, and the camera image. After the ignition event, the gas flow yfas interrupted,

thereby extinguishing the flame. The backlight laser and CCD camera delays were

incremented and the process repeated until the flame front propagated beyond the

field of view of the camera.

4.3 Analysis and Results

The magnification of the optical system used to acquire the shadowgraph images was

determined from an image of a calibration grid. The resulting magnification was

approximately 5x with a field of view of approximately 4 cm horizontal by 3 cm

vertical.

The expanding flame front was measured on the left and right border, and when

possible, on the top and bottom border. These points were used to determine the

radius of the flame front at the different time delays. Representative rcidius versus

time plots for various fuel equivalence ratios are shown in Fig. 4.4. Flame speeds were

determined through linear fits to the radius versus time curves as shown in Fig. 4.5.

It can be seen from the these two figures that the flame speed deviates from linearity

over the measured distances. The linear fits were applied to the larger radius points to

ensure, as well as possible, a negligible flame front thickness. The nonlinearity of the

curves was used to assign uncertainties to the resulting velocities. The flame speeds

were measured both along the optical path of the breakdown pulse and perpendicular

to it - no significant differences were found.
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The burned gas densities used in Eq. 4.1 were determined using the Gordon-

McBride code [16], which calculates the burned gas properties based on the assump

tion of chemical equilibrium. The measured flame speeds were converted to laminar

flame speeds by multiplying them by the density ratio of burned to unburned gas as

prescribed in Eq. 4.1.

Theoretical flame speeds were calculated using the CHEMKIN chemical kinetics

code by considering reactions between the following molecules: H2, O2, H, 0, OH,

HO2, H2O2, H2O, N2, N, NO, NO2, HNO, NH3, NH2, NH, N2H4 and N2H3. The rate

constants used in the calculation, taken from Ref. [40], are listed in Appendix B.

The theoretical flame speeds were calculated over the range of experimental fuel

equivalence ratios. The calculated and experimental results are shown together in

Fig. 4.6. As can be seen, the agreement between experiment and theory is quite good

except for the fuel rich region where the theory overpredicts the experimental values.

The equivalence ratio for the maximum measured flame speed occurs at ~ 1.0 which

is in good agreement with the calculated values.

For fuel equivalence ratios greater than or equal to 1.6, the combustion wave was

observed to stream baek toward the laser at a higher rate than was observed for the

other directions. This effect has also been observed by Spiglanin et al. [33] in Nd:YAG

laser-spark ignited H2-02-Ar mixtures and by Seitzman et al. [41] in excimer laser

ignition of hydrocarbon-air mixtures. A time sequence of shadowgraphs obtained

for (f) = 1.6 ammonia-oxygen mixtures is shown in Fig. 4.7. In such cases, the near

spherical symmetry of the ignition kernel is destroyed. However, note that an axial
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symmetry, with respect to the optical axis, is preserved. It is possible that the de

struction of the spherical symmetry could account for the observed differences between

the experiment and theory observed in Fig. 4.6 on the fuel rich side of the plot. It

is also possible that the increased flamefront thickness at the higher fuel equivalence

ratios introduces errors through Eq. 4.1 although such differences between theory

and experiment are not observed on the fuel lean side of the curve, where flamefront

thickness is also increased.
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Chapter 5

Planar Laser-Induced

Fluorescence Imaging of
Laser-Spark Ignition

5.1 Overview

Laser-induced fluorescence (LIF) is a species specific diagnostic technique that can be

used to nonintrusively mecisure such quantities as temperature, number density, and

velocity. LIE can be also be used to image both atomic and molecular species and

has a wide range of applications. Since this chapter deals with gas phase phenomena,

further discussion is limited to LIE imaging of gas phase phenomena, particularly

ignition and combustion processes.

LIE imaging can be used to measure the spatial distribution of many of the atoms

and molecules that participate in the complex sequence of chemical recictions that

occur during ignition and combustion of reactive gases. Eor steady state conditions,

such as those that occur in burner stabilized premixed flames LIE images may be

acquired over long integration times without regard to time resolution [42, 43, 44,

45, 46]. Two dimensional images may be acquired with two dimensional detectors or
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may be built up from a series of one dimensional measurements.

Under transient conditions, such as in turbulent diffusion flames [47, 48, 49] or

ignition events [33, 50], the images must be acquired with a time-differentiating de

tection system. Using a sheet or planar probe laser pulse and a two dimensional

detector, single event images can be acquired at a selected time delay. Thus, by

employing planar laser-induced fluorescence (PLIF) techniques, one can acquire spa

tially and temporally resolved "snapshots" of the atomic or molecular species under

consideration. The goal of this experiment Wcis primarily to image the formation of

the free radicals that lead to combustion after an optical plasma has been created in

a combustible ammonia-oxygen mixture.

The history of events leading to nonresonant Iciser-spark ignition of combustible

gases includes the creation of a laser-induced plasma, the formation and propagation

of an expanding shock/detonation wave, the generation of free radicals, the initia

tion of chemical reactions, and ultimately the initiation and propagation of global

combustion. In this chapter, the ignition kernel spatial and temporal development

is studied in Stoichiometric ammonia-oxygen gas mixtures by imaging the formation

and propagation of the NH free radical.

It is known from previous studies and from the literature [21, 22, 24, 32, 33, 36]

that there is a strong Shockwave associated with the optical breakdown. This study

probes the effects of this shockwave on the gas the breakdown region. The ignition

kernel development and its transition into a propagating flame Wcis tracked using

shadowgraphs, as discussed in Chapter 4. In this chapter, PLIF imaging of free

radicals is used to study the same events, and a correlation is established between
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the PLIF and shadowgraph images.

There are several choices as to which free radical to probe. Previous investiga

tors have used primarily the OH radical [33, 41, 50], as it is a good indicator of

combustion. The OH radical is also a reaction intermediate in the ammonia-oxygen

flame. However, OH is a relatively long lived molecule with respect to the flame front

whereas NH is a transient radical in the combustion process. Figure 5.1 illustrates

this graphically with spatially resolved chemiluminescent OH and NH spectra from

an ammonia-oxygen flame recorded above a slit burner. Notice that the NH emission

intensity is confined to a region very near the flame front, whereas the OH emission

intensity is significant well past the flame front. Use of the NH radical in the PLIF

imaging therefore minimizes ambiguities about the location and thickness of the flame

front.

5.2 Experiment

Excitation and imaging of fluorescence from NH in the flamefront requires the use of

a secondary pulsed laser source with high pulse energy at an appropriate wavelength

and an intensified, gated, two dimensional detector. Considering the spectral region

to be probed, one obvious choice for the PLIF probe laser is a dye laser. As can be

seen in Figs. 2.3 - 2.5, the NH band that is to be pumped lies in the spectral region

around 336 nm. There are two main options that allow generation of 336 nm laser

pulses. The first option is to use a red dye laser and a frequency doubler, and the

second option is to use a less efficient dye laser that directly produces the 336 nm
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output UV. Since the frequency doubled red dye laser pulse energies are comparable to

the UV dye laser's direct output, the second option is more desirable experimentally,

since a frequency doubling crystal is not required. The experimental layout is shown

schematically in Fig. 5.2. The Coherent YG680S Nd:YAG laser used to generate the

optical breakdown plasma is described in Chapter 2. The arrangement is the same as

in the flame speed measurements discussed in Chapter 4 with the following additions.

An additional laser is employed to induce the NH fluorescence and a two dimensional

detection scheme is added to image the NH PLIF.

The PLIF probe laser is an excimer-pumped dye laser system consisting of a

Lambda Physik EMG 150 MSC excimer laser, which has been filled with XeCl and

produces 308 nm, 10 ns pulses with approximately 60 mJ per pulse, and a Lambda

Physik FL3002E tunable dye laser. The oscillator and amplifier of the dye laser were

filled with p-terphenyl dioxane solutions. The spectral line width of the dye laser is

approximately 0.15 cm~^. The maximum specified dye efficiency is given [51] as 8% at

A ~ 343 nm for a 308 nm, 400 mJ per pulse pump laser. A LIE spectrum showing the

NH 336 nm band in the spectral region around 340 nm is shown in Fig. 5.3, together

with a measured dye laser tuning curve. The maximum LIF signal was obtained by

pumping the strong Q-branch lines around 336 nm, even though the dye laser pulse

energy was much lower in this spectral region. However, it was undesirable to pump

in this region due to the proximity of the Nj second positive system whose band head

lies at 337 nm and is shaded toward the violet. As can be seen from Fig. 5.3, there is

a trade-off between the strengths of the rotational lines and the dye laser pulse
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energy. The rotational line that wa5 chosen for subsequent measurements gave a

compromise between maximum LIF signal and maximum pulse energy.

The excimer has two laser cavities or barrels, which may be operated in an

oscillator-amplifier mode or as two independent oscillators. When in the two-oscillator

mode the second cavity lases with a fixed time delay of 35 ns with respect to the first.

In the experimental setup shown in Fig. 5.2, the first pulse (oscillator barrel) is used

as the shadowgraph backlight and the second pulse (amplifier barrel) is used to pump

the dye laser.

The dye laser output is shaped into a "sheet beam" by first directing it through a

beam expander and subsequently through a cylindrical lens with a focal length of 30

cm. The f/^ of the 30 cm cylindrical lens is approximately 30 and sufficiently large

so that the thickness of the probe beam does not vary significantly over the small

sample volume.

The detector used to image the PLIF is a CCD detector (EG&G, Model No. 1530)

which is cryogenically cooled to reduce dark current and equipped with an intensifier

(EG&G, Model No. LCI-7) to enhance the detection sensitivity. The detector is

comprised of a 512 x 512 array of "pixels" with individual dimensions of 19 ̂ m x

19 /xm. The active area of the detector chip is therefore 9.7 mm x 9.7 mm. The

lens-coupled intensifier also allows for gated detection with a minimum gate width of

5 ns.

The optical plasma is imaged onto the CCD array with a single lens. The position

of the lens results in a image magnification of approximately 1.4. bandpass filter

was placed in front of the detector to reject unwanted spectral regions. The filter is
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a nitrogen laser line filter (Oriel, Model No. 59930) centered at 337 nm with a 11

nm bandwidth (FWHM) and a peak transmittance of 24%. A transmission curve

superimposed on a ammonia-oxygen flame emission spectrum is shown in Fig. 5.4.

The flame emission spectrum was recorded over a slit-type flat-flame burner using an

optical multichannel analyzer (EG&G PARC, Model No. 1460) and a linear diode

array detector (EG&G, Model No. 1423). A rich fuel/air ratio was selected to make

the NH and OH chemiluminescent signals in the reaction front comparable in mag

nitude. The laser line filter transmission curve was obtained from the manufacturer.

Figure 5.4 shows that any contribution of OH spontaneous emission from the Ai/ =

0 sequence of the A^E""" —» X^Hj UV system is almost totally eliminated.

The time delay of the dye laser relative to the optical breakdown pulse was con

trolled with the delay generator. A 1 fis pretrigger TTL pulse is output from the

Nd:YAG laser each time it Q-switches. This TTL pulse was used to drive the other

experimental equipment. The earliest attainable time delay of the dye laser relative

to the YAG pulse using this synchronization scheme was approximately 300 ns. This

delay was acceptable since the primary interests are events that happen at longer

time delays.

The Nd:YAG laser, which drives the entire experimental sequence of events, was

operated in single shot mode. When the fire button on the laser control panel is

pressed the laser emits a single 4.5 ns pulse. The 1 fis pretrigger pulse triggers the

delay generator, which sends out appropriately delayed trigger pulses to the excimer

69



c
o

C/)
W

E
in
c
CO

Q)

CO
c
O)

'(/)
"D
jQ)
(0
O
CO

337 nm filter

0.20

0. 5

0.10

0.05

340 360300 380

wavelength (nm)

Figure 5.4: Spontaneous emission spectra measured in a ammonia-oxygen flame with
the transmission curve of the 337 nm laser line filter superimposed.

70



laser, camera and CCD detector. The oscillator barrel output pulse from the excimer

laser is directed as shown in Fig. 5.2 and passes through the optical breakdown plasma

at an angle of 94° with respect to the optical axis of the Nd:YAG pulse. The resulting

shadowgraph is imaged on the fluorescent screen and recorded onto the PC hard

drive using the camera. The pulse from the excimer laser amplifier pumps the dye

laser. The dye laser output traverses the beam shaping optics and is directed through

the center of the optical breakdown plasma at an angle of 20° with respect to the

Nd:YAG optical axis. The CCD captures FLIP images with a 100 ns gate, which

overlaps the dye laser pulse. The 35 ns delay between the shadowgraph and FLIP

pulses is insignificant for all time delays beyond the initial time delay of 300 ns when

the signals are dominated by the plasma emission.

Data were acquired under two separate conditions. First in ammonia flowing

through the burner at a rate of 4.4 1/min and second with a premixed stoichiometric

ammonia-oxygen mixture flowing at a total rate of 7.6 1/min. In the first series of

experiments, the relationships between NH spontaneous emission, shadowgraph and

FLIP images are investigated. The optical breakdown in pure ammonia was very

stable, i.e., repeatable from shot to shot. As a result, many laser shots could be

averaged to increase the signal to noise ratio. Images were acquired from the earliest

time delay of 300 ns out to a delay of 100 //s, for which the NH FLIP signals were no

longer detectable. In the second series of experiments, the ammonia-oxygen mixture

was ignited with each optical breakdown event. The data that were acquired in this

case were single-shot images, and, since single shot plasma emission is only attainable

for very short time delays, no plasma emission images were recorded. Shadowgraph
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and PLIF images were recorded from the earliest time delay until the resulting flame

propagated beyond the edge of the CCD chip.

5.3 Data Analysis and Results

5.3.1 Pure Ammonia

Figures 5.5 through 5.8 show results of the shot averaged shadowgraph, PLIF and

spontaneous emission images in pure ammonia. Figures 5.5 and 5.6 contain, from top

to bottom, 10-shot-averaged shadowgraph images, 100-shot-averaged PLIF images

and 100-shot-averaged spontaneous emission images at each indicated time delay.

Figures 5.7 and 5.8 show only shadowgraph images (on the top) and PLIF (on the

bottom) at each time delay as the spontaneous emission signals were either very weak

or undetectable (for time delays greater than 10 /xs) using our detection scheme. Only

the first 50 /xs is shown here. Shadowgraph and PLIF images were recorded out to

100 fis. The NH PLIF spatial profiles from 50 to 100 /xs were essentially the same

as the 50 /xs profile but the intensities were greatly diminished. NH PLIF was not

detectable for time delays greater than 100 /xs.

From these images one can see that

1. The spontaneous emission that results from N + H recombination is confined to

a small region about the focal volume of the Nd:YAG optical breakdown pulses

for all time delays, and decays after ~ 10 /xs.
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Figure 5.5: Shadowgraph (top) PLIF (middle) and spontaneous (bottom) images of
LIB plasmas in pure ammonia. The columns represent time delays of .3, 1.3, 2.3 and
3.3 fis from left to right.
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Figure 5.6: Shadowgraph (top) PLIF (middle) and spontaneous (bottom) images of
LIB plasmas in pure ammonia. The columns represent time delays of 4.3, 5.3, 6.3
and 7.3 us from left to right.



Figure 5.7: Shadowgraph (top) PLIF (bottom) images of LIB pleisma^ in pure am
monia. The columns represent time delays of 8.3, 10.3, 15.3 and 20.3 /is from left to
right.



Figure 5.8: Shadowgraph (top) PLIF (bottom) images of LIB pleismas in pure am
monia. The columns represent time delays of 25.3, 30.3, 40.3 and 50.3 /zs from left to
right.



2. A ring of ground state NH is seen to form around the spontaneous emission re

gion at approximately 1 ps delay and then propagate outward. At first this ring

closely follows the shockwave and is always confined to the higher temperature

region, which appears dark in the shadowgraphs.

3. As the hot region relaxes, the NH ring tends to separate along the Nd:YAG

optical axis and forms a torus whose symmetry axis is the Nd:YAG optical

axis. The beginning stages of this gas dynamic effect is apparent earlier in the

PLIF images than in the shadowgraph images, but is clearly present in both at

the longer time delays.

Figure 5.9 shows the results of adding the NH PLIF and spontaneous emission

signals over the entire CCD chip at each time delay. Figure 5.9(a) shows the integrated

signals over all measured time delays, and Fig. 5.9(b) is scaled to bring out details for

time delays greater than 1 //s. As can be seen in this figure the spontaneous emission

signal decays steadily to zero in ~ 10 fis. The PLIF signals indicate the presence

of at least two minima as the signal approaches zero at ICQ ps. One might explain

these minima in terms of the mechanisms that produce ground state NH molecules.

There are three primary processes that may produce ground state NH in the optical

discharge. For early times in the plasma formation and decay, the gas near the focal

volume of the breakdown pulse is highly dissociated and ionized. Therefore, one sees

very bright spontaneous emission as excited state recombination NH molecules decay

to the ground state. It can be seen from the shadowgraphs that there is a shockwave

produced by the optical discharge. This shockwave is strong enough to significantly
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Figure 5.9: Total NH spontaneous emission (O) and LIF (o) signals obtained in pure
ammonia.
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heat the air in the geis region near the focal volume of the breakdown pulse and

adjacent to the spontaneous emission region. This shockwave heating is possibly

sufficient to cause dissociation of the ammonia and yield ground state NH molecules.

At later time delays the signal increase is possibly due to an increase in NH production

due to ammonia chemical reactions with other molecules as the hot gas relaxes to

chemical equilibrium.

5.3.2 Single Shot Comparisons between Pure Ammonia and
Stoichiometric Ammonia-Oxygen

Figures 5.10 through 5.13 show the single-shot shadowgraph and PLIF images ob

tained in pure ammonia and stoichiometric ammonia-oxygen. The top two rows of

images in each of these figures were obtained in pure ammonia and the bottom two

rows were obtained in the ammonia-oxygen mixture. Figure 5.14 shows shadowgraph

and PLIF images obtained in ammonia-oxygen only.

The PLIF and shadowgraph images are essentially the same for both gases out to

time delays of approximately 5 fis. At this point the combustible ammonia-oxygen

mixture clearly shows signs of kernel growth, first in the PLIF images and then in

the shadowgraph images, whereas the images for the pure ammonia begin to indicate

relaxation. By 30 fis the NH torus is barely detectable in pure ammonia while the

kernel in the ammonia-oxygen mixture continues to grow. Figure 5.14 shows the

development of the ignition kernel into a propagating flame. Note how the toroidal

shape of the ignition kernel is preserved as the flame propagates in time. The gaseous

region near the optical path of the Nd:YAG laser pulse does not appear to burn
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Figure 5.10: Shadowgraph (upper row) and PLIF (lower row) images of laser-induced
breakdown plasmas in pure ammonia (top two rows) and stoichiometric ammonia-
oxygen mixtures (bottom two rows). The columns represent time delays of .3, 1.3,
2.3 and 3.3 /is from left to right.
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Figure 5.11: Shadowgraph (upper row) and PLIF (lower row) images of laser-induced
breakdown plasmas in pure ammonia (top two rows) and stoichiometric ammonia-
oxygen mixtures (bottom two rows). The columns represent time delays of 4.3, 5.3,
6.3 and 7.3 /xs from left to right.
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Figure 5.12: Shadowgraph (upper row) and PLIF (lower row) images of leiser-induced
breakdown plasmas in pure ammonia (top two rows) and stoichiometric ammonia-
oxygen mixtures (bottom two rows). The columns represent time delays of 8.3, 9.3,
10.3 and 15.3 fis from left to right.
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Figure 5.13: Shadowgraph (upper row) and FLIP (lower row) images of laser-induced
breakdown plcismas in pure ammonia (top two rows) and stoichiometric ammonia-
oxygen mixtures (bottom two rows). The columns represent time delays of 20.3, 25.3,
30.3 and 40.3 from left to right.
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Figure 5.14: Shadowgraph (upper row) and FLIP (lower row) images of laser-induced
breakdown plasmas in stoichiometric ammonia-oxygen mixtures. The columns repre
sent time delays of 50.3, 100.3, 150.3 and 200.3 /xs from left to right.



until relatively late in the flame development. This is most likely due to ambient gas

flowing into the kernel along the optical axis and will be discussed in more detail in

Section 5.3.4.

The propagating ring of NH observed in the ammonia-oxygen PLIF images is eas

ily understood in terms of a propagating flame front. Figure 5.15 shows theoretical

results for a freely propagating flame in stoichiometric ammonia-oxygen at atmo

spheric pressure. The calculation weis performed using a one dimensional flame code

written by Kee et al. [4]. Shown in this figure are the mass density and NH mole

fraction profiles across the flame front. One can easily see from this result, consider

ing the symmetry of the measured flame kernels, that a thin region of NH molecules

near the flame front is expected. Comparison of Fig. 5.15 with the shadowgraph and

PLIF images also elucidates the observed distance between the flame kernel boundary

measured in the shadowgraphs and the NH PLIF ring. The shadowgraph is a measure

of the density gradient in the gas. Figure 5.15 clearly shows that the density gradient

occurs well in front of NH production in the freely propagating one dimensional flame.

5.3.3 Ignition Delay

Figure 5.16 shows the total measured NH LIF and spontaneous emission signals at

each time delay for both the pure ammonia and the combustible ammonia-oxygen

mixtures. Figure 5.16(a) shows the integrated signals over all measured time delays,

and Fig. 5.16(b) is scaled to bring out details for time delays greater than 1 fis. As

in the shot averaged total signals, early time delays {t < 1/xs) are dominated by

spontaneous emission. At a delay of about 10 (xs, the ammonia-oxygen mixture total
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LIF signal reaches a minimum and begins to increase, whereas the total signal in pure

ammonia continues to monotonically decay. The point where the ammonia-oxygen

mixture total NH signal begins to increase, or certainly where this signal crosses

the pure ammonia signal, can be interpreted as an ignition delay. Close inspection

of the pure ammonia and ammonia-oxygen PLIF and shadowgraph images reveals

differences in the size and shape of the ignition kernel as early as 4 to 5 fis. This too

appears to indicate the beginning stages of combustion.

The thin ring of ground state NH that is produced near the flame front in ammonia-

oxygen flames makes the inference of ignition delay using total NH signal difficult.

More appropriate species for this measurement would be, for example, OH, NO or

even N2, as diatomic nitrogen is a combustion product of the ammonia-oxygen reac

tion. This reasoning is graphically illustrated in Fig. 5.17. This figure shows the mole

fractions of the combustion products of several reaction intermediates for a stoichio-

metric freely propagating flame, calculated using the one dimensional flame code of

Kee el al.) [4]. As can be seen from the figure, there are several species which are

both longer lived and present in higher quantities that would result in a stronger LIF

signal over larger areas. It is recommended to use an alternate species, such as OH,

NO, or N2, to infer ignition delays.

5.3.4 Kernel Dynamics

Formation of the toroidal shaped ignition kernel is characteristic of both electrical-

spark [52, 53, 54, 55, 56] and laser-spark [33, 41] ignition and appears to be a direct

consequence of the spatial distribution of the nascent plasma. Kono et al. [52]
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have shown in a computer simulation, which models instantaneous electrical-spark

ignition, that the shockwave which propagates outward from the initial plasma causes

an overexpansion of the gas along the spark channel. This overexpansion causes

ambient gas to flow into the kernel along the electrode axis creating the toroidal

shape of the kernel. The shadowgraph and PLIF images of laser-spark ignition agree

with this scenario. The time sequence images clearly show the influx of gas. The

delay of the ignition and combustion of the gas along the optical axis supports the

hypothesis that the gas is indeed drawn in from the surrounding area, as opposed

to being chemically altered by the laser pulse. Note, however, that the gas influx is

asymmetric. That is, the inward flow is more prominent on the back side (away form

the Nd:YAG laser) of the kernel. It is this asymmetrical gas influx that results in the

backstreaming observed in the results of Chapter 4.

A likely cause of asymmetrical gas flow into the kernel is laser pulse heating of the

gas immediately in front (on the Nd:YAG side) of the optical breakdown region. In

this region, the laser pulse intensity is only slightly below the breakdown threshold

of the gas and the laser pulse very probably heats the gas within the converging

optical cone. As the pulse propagates nearer to the focal spot and optical breakdown

is achieved, the laser pulse energy is very efficiently absorbed by the plasma. A

significant portion of the laser pulse energy is thus removed from the pulse before it

can propagate through the region of gas immediately behind the plasma region. For

the pulse energies and pulse widths studied here, only the portion of the laser pulse

that traverses the focal spot before the breakdown threshold is achieved is transmitted

by the plasma, while the rest of the pulse is absorbed by the plasma. Preheated gas
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would be less dense and therefore inward flow would carry less momentum from the

forward side of the kernel than from the rear side of the kernel. Preheated gas would

also be easier to ignite.

It has been suggested [33] that there may be a residual velocity component in the

kernel from the initial formation of the optical plasma, which may contribute to the

observed backstreaming. This velocity component develops cis a result of the direc

tionality of the laser pulse. As the laser propagates into a focal region where the inten

sity is sufficient to cause ionization of the gas molecules, an optical plasma is created

and it begins to expand very rapidly through the process of inverse bremsstrahlung.

The optically thick plasma is exposed to the strong optical field on its forward side

and absorbs the radiation before it can propagate to the back side of the plasma. As

a result, the plasma expands very rapidly back toward the laser [57, 58] at a veloc

ity of approximately 10^ cm/s. It is doubtful, however, whether a significant effect

remains at the comparatively long time delays for which backstreaming is observed.

The shadowgraph and PLIF images do not reveal any evidence of a sustained axial

velocity component caused by the initial formation of the optical plasma other than

the asymmetrical gas influx and backstreaming. Previous spatially resolved studies

of laser-induced breakdown in hydrogen gas [27] show that this so called plasma wave

is very rapidly damped. In this case, movement of the plasma was not observed for

time delays after a few hundred nanoseconds.

Spiglanin ei al. [33] noted that in hydrogen-oxygen-argon mixtures the back-

streaming of the ignition kernel was only observed for laser shots for which ignition

was achieved. We have observed this effect in fuel rich ammonia-oxygen mixtures,
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propane-air mixtures and in nonflammable ga^ses such as pure ammonia and air. This

backstreaming effect appears in our experiments to be dependant on the laser pulse

energy absorbed by the plasma and, in flammable gases, on the ignition delay and

flame speed.

In nonflammable gases one sees the development of the torus in shadowgraph

sequences and the backward propagation in the relaxation of the laser-spark heated

gas. The beginning stages of the backstreaming can be seen in the later shadowgraph

images in pure ammonia in Fig. 5.8. For larger absorbed energies the backstreaming

is more pronounced.

The reason backstreaming was not observed in the ammonia-oxygen images in this

chapter and in Chapter 4 for ̂  < 1.6 is probably due to the ignition delays and flame

speeds of the various ammonia-oxygen mixtures. Figure 5.14 shows indications of the

backstreaming in both the PLIF and shadowgraph images. However, the flame speed

is fast enough so that the backstreaming velocity does not overtake the boundary of

the kernel. From Fig. 4.4, it can be seen that the ignition delay for the ̂  = 1.8

mixture is several hundred microseconds longer than the <f> = 0.3 mixture, based on

the size of the ignition kernels. This longer ignition delay allows the kernel dynamics

to develop the backstreaming component before the flame front is established. Once

the combustion begins to occur, the kernel retains its initial shape, as can be seen in

Fig. 4.7.

Thus, one can conclude that the backstreaming kernel results from a combination

of laser-induced gas dynamic effects. Asymmetric laser heating of the gas outside the

kernel and shockwave induced ambient gas influx combine to cause the ignition kernel
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to stream back toward the laser. The fact that backstreaming is more pronounced

for higher pulse energies suggests that preheating is a major factor in inducing this

phenomena.

The shadowgraph images in Figs. 5.5-5.8 and Figs. 5.10-5.13 consistently exhibit

a vertical interference pattern. If this interference pattern is attributed to a grating,

then one can infer from these images that there is a grating spacing on the order of 2

/xm along the optical axis in the ignition kernel for time delays less than 20 fis, using

the relation mA = a sin $. It is possible that this grating is attributable to the gas

dynamics that occur during the initial stages of the LIB plasma.

When the laser pulse is focused into the gas, there are actually several cites along

the optical axis within the focal volume where breakdown is initiated. A violent

Shockwave is generated at each of the breakdown cites. These Shockwave collide and

coalesce to form the elliptical shockwave that is observed in the first few microseconds

of the kernel formation. A very marked vertical structure, resulting from the collisions

of the shock waves, has been observed in early time delay (t < 300 ns) shadowgraph

studies [3]. The shockwaves at very early time delays (t < 100 ns) propagate at speeds

that are several times the speed of sound and it is expected that the collisions of

these shockwaves result in significant density variations within the optical breakdown

plasma. Thus, it is reasonable to attribute the interference structure observed in the

shadowgraph images to density variations on the order of 2 /xm within the optical

plasma.
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Chapter 6

Summary

This dissertation has dealt with several different aspects of 1.064 /xm pulsed laser-

induced plasmas in ammonia and ammonia-oxygen gaseous mixtures. We have pri

marily used the experimental techniques of spontaneous emission spectroscopy, shad

owgraph imaging, and planar laser-induced fluorescence (PLIF) imaging to probe op

tical plasmas, laser-spark ignition, ignition kernel temporal and spatial development,

and flame propagation speeds.

As mentioned in Chapter 1, one approach to laser-spark ignition modeling is

to use experimentally determined initial conditions acquired at some point in the
f

kernel development [23]. Such an approach could be used to circumvent difficulties

with modeling the radiation transport and blastwave dynamics in the early stages

of ignition kernel development. However, in light of the non-one-dimensional nature

of the kernel dynamics, this approach would require large quantities of experimental

data to establish the initial conditions for each calculation.

In Chapter 2, it was demonstrated that multispecies spontaneous emission spec

troscopy can be used to measure and spatially resolve temperatures within a laser-

spark ignition kernel. Multispecies fits to spontaneous emission spectra can be used
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to infer relative number densities only if we can ensure that the excited molecules

are in thermodynamic equilibrium with their ground states. These techniques can

readily be used to verify theoretical predictions in model development of laser spark

ignition.

In Chapter 3, minimum ignition energies were measured over the flammability

limits of atmospheric pressure ammonia-oxygen mixtures. We found that the igni

tion threshold lies below the breakdown threshold for fuel equivalence ratios around

(^ = 1. Further investigations in this region with 1.064 fim radiation will require laser

pulse widths in the picosecond range, since the energy absorbed by the plasma from

the nanosecond laser pulses is larger than the minimum ignition energy. The mini

mum ignition energy values obtained in this chapter can be compared to theoretical

predictions and to other ignition modes when data becomes available.

In Chapter 4, it was shown that the laminar burning velocity calculated using

the CHEMKIN code together with the reaction mechanism in Appendix B agrees

reasonably well with the experimentally determined flame speeds from the quasi-

spherical diverging flame kernels. It was observed that the approximately spherical

structure of the flame kernel is destroyed for fuel equivalence ratios of 1.6 or higher for

the laser parameters in this study. For such fuel equivalence ratios, the gas dynamic

effects in the kernel caused the flame front to propagate back toward the laser.

Existing models of laser-spark ignition have been consistently one dimensional

and are usually based on the Taylor blast-wave solution [21, 32, 33, 36]. While such

models can be used to elucidate real gas and chemical kinetic effects on the kernel

development, they ignore the important two dimensional gas dynamic effects discussed
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in Chapter 5.

Two dimensional axially symmetric ignition models based on numerical solutions

of the conservations equations have been developed for electrical sparks [52, 59]. A

recent effort by Kravchik and Sher [59] is a two dimensional model of electrical spark

ignition which includes radiation transport, chemical kinetic and gas dynamic effects.

Such a model could be adapted to laser spark ignition with only minor modi

fications to the source and loss terms. The discussion on the kernel dynamics in

Chapter 5 clearly demonstrates the necessity of a multi-dimensional model.

Experimental investigations that spatially and temporally resolve the gas temper

ature across the ignition kernel are currently being pursued. The hostile environment

of the optical plasma and ignition kernel require remote access methods to quantify

physical characteristics. Laser probe methods are well suited for such investigations.

There are several laser diagnostic techniques that could be used to spatially resolve

gas temperatures and species number densities. Experimentally, the more expeditious

methods are the incoherent laser scattering processes, such as saturated laser-induced

fluorescence (LIE), spontaneous Raman scattering, and collisionless LIE using pi

cosecond or femtosecond laser pulses. These laser probe methods may be used in

conjunction with a sheet probe beam to infer spatially resolved temperatures and

number densities. Coherent process such as stimulated Raman scattering and four-

wave mixing could also be applied to the optical plasma and ignition kernel, but

would make the use of a sheet probe beam much more difficult.
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Appendix A

Calculation of the Focal Volume of

Monochromatic, Coherent
Radiation — with Aberrations

The three dimensional intensity distribution of a focused laser beam near the focal

point of a converging lens can be calculated from the Rayleigh-Sommerfeld diffraction

integral [60]. A good treatment of this problem, which uses a Fourier optics approach,

is given in the doctoral dissertation of L. M. Smith [61]. In this Appendix, a method is

presented in which the diffraction integral is numerically evaluated - thereby bypassing

the polynomial expansion treatment of spherical aberrations. This evaluation was

adapted from a computer code developed by C. Parigger et al. for calculation of lens

axicon doublets [62].

Consider a lens centered on the optical axis with its front surface located z = zi

and its rear surface z = Ao, where Aq is the maximum thickness of the lens, as

shown in Fig. A.l. The complex field amplitude in the Xf-yj plane located at a

distance Zf from the front surface of the lens is

i  roo roo g-t'fcr/i
U{xf,yf,Zf) = - / dxdyU{xi,yi,zi) cos{n,ffi). (A.l)

A J~oo J—oo r
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Figure A.l: Coordinate system for lens focus calculation.

Let [/(x, y, 0) denote the complex field amplitude incident on the lens. The transmit

ted field U{x, y, Aq) at the back of the lens is

U{x,y, Ao) = Uix,y,0)P{x,y)e-"'^°e-"'^^-'^^^''y\ (A.2)

where the slowly varying envelope approximation has been applied as the field tra

verses the lens. In Eq. A.2, P{x,y) is the pupil function describing the lens aperture

and A{x,y) is the thickness of the lens at the location {x,y).

For a spherical surface lens with a front surface radius Ri and a rear surface radius

R2

Aq — -f R2
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The distance rji is

rji = \l{x} - xY + iVf - vY + {zf - AoY

= y/{xf - x)'^ + {yj - yf + {zpf

The obliquity factor cos(n,ffi) is

cos(n,ffi) =
^/i

\zj - Ao|

^{xj - xy + {yj - yf + {zj - Ao)2

which is approximately equal to 1 in the far field (for large f/#'s).

From Eq. A.l

i  foo foo - _ p~ikrjx
U{xj,yj,zj) = - / cos{n,rn)

A  oo oo

(A.3)

Approximating rji cz. Zp in the denominator and expanding r/i in a Taylor series in

the exponential yields

1  ( / t2 _U 7/2 ^2 _L „2

Using these approximations in Eq. A.3 yields

fOo roofOO too

Uixf,yf,Zf) ~ — J^^J^^dxdyP{x,y)U{x,y,0)cos{n,ffi)x

exp j-.t I exp{-ik(n - !)(«. - R-,}
|ii(zp + I X dxdyP{x, y)U{x, y, O)cos(n, f/,)-exp

27r ^
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exp|-ife + yVf^ I ̂  l)(i?i — /l2)}- (A.4)
For cylindrically symmetric input beams the treatment of Born and Wolf [63]

can be invoked to reduce this two dimensional integral to a one dimensional integral

over the radius of a circular lens aperture. Since the interest here is experimentally

determined laser pulse spatial profiles which do not necessarily exhibit such symmetry

and which are measured with a square or rectangular two dimensional detector array,

this equation is left in its present form and is specialized for the problem at hand.

The lens used to focus the Infinity pulses was a 100 mm focal length, plano-convex

lens with the convex surface facing the laser. Therefore, in Eq. A.4, R2 = oo and

R2 = 0. The measured input beam was of the dimensions a x a which means that

the pupil function is a two dimensional step function, which is formally expressed by

/oo fcx) /<i/2
I  dxdyP(x,y) / / dxdy

■ooJ-00 J-a/2 J-a/2

where a = 5.875 mm. For the f/^ of approximately 17, cos{n,ffi) ~ 1. Since the

interest here is only the intensity distribution at the focal plane (/ = U*U), the

complex exponentials outside the integral in Eq. A.4 can be ignored. Therefore,

^  ra/2 fa/2
/  dxdyU{x,y,0)x

Zir J-a/2 J-a/2

where U(x,y,0) is the measured input pulse.

This integral was evaluated using the IMSL subroutine QDAG on a Pentium 100

MHz PC. It typically took one second to calculate one point in the focal plane.

112



Appendix B

Ammonia-Oxygen Reaction
Mechanism

The following reaction mechanism was taken from the compilation found in Refer

ence [40]. The coefficient are for an Arrhenius equation of the form

k =

where E is the activation energy and A is the temperature dependant frequency

factor. The constants tabulated below are for forward reactions only and are used as

input in the CHEMKIN laminar flame computer code [4].
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Reaction A (m^/mol sec) E (cal/mole)

OH + H2 H2O + H 2.16xl0®r^" 3430.

H -f- O2 —^ OH -j- 0 5.13xl0^®r-°®^® 16,500.
0 + H2 OH + H 1.5x10" 8900.

OH + OH 0 + H2O 6.0xl08r^-27 0.

H2 + M-^H + H + M 1.05xl020r-^-3i 105,000.

O2 "t" M —> 0 "t" 0 -f- M 1.55xl02°r-i-64 120,000.
H + OH + M H2O + M 3.6x10" 0.

O + H + M-^OH + M 4.7x10" 0.

H + HO2 H2 + O2 6.0x10" 0.

H + O2 + M HO2 + M 4.14x10" 0.

H + HO2 OH + OH 2.0x10" 0.

0 + HO2 —^ O2 + OH 6.0x10" 0.

OH + HO2 ̂  H2O + O2 6.0x10" 0.

H + HO2 ̂  H2O + 0 6.0x10" 0.

H2O2 + OH - H2O + HO2 1.75x10" 320.

H2O2 + H ̂  H2O + OH 7.05x10" 4200.

H2O2 + M OH + OH + M 4.07x10" 42,000.
0 -|- H2O2 —* O2 "1" H2O 2.8x10" 6400.

H + H2O2 —^ H2 + HO2 7.0x10" 4200.

HO2 "f" HO2 —^ H2O2 4" O2 2.3x10" 1160.

0 + H2O2 ̂  HO2 + OH 2.8x10" 6400.

NH2 + H + M NH3 + M 3.2x10" -15,000.

NH2 + HO2 NH3 + O2 2.5x10" -1400.

NH2 + OH NH3 + 0 1.26x10" 2900.

NH2 + 0 HNO + H 6.0x10" 0.

NH2 + NO N2 + H2O 1.25xlO"r-3-2 0.

NH2 + NH2 NH3 + NH 6.0x10" 10,000.
NH2 + NH NH3 + N 6.0x10" 4000.

NH3 + OH NH2 + H2O 3.2x10" 1840.

NH3 + H ̂  NH2 + H2 3.6x10" 9000.

HNO + OH ̂  NO + H2O 6.0x10" 0.

NH + NO N2 + OH 1.0x10" 0.

HNO + 0 NO + OH 6.0x10" 0.

NH + O2 ̂  NO + OH 5.1x10® 0.

NH + OH NO + H2 1.6xl0"r°®® 1500.

NH + H -♦ N + H2 1.2x10" 4200.
NH + 0 -f N + OH 6.0x10" 5000.

HNO + H NO + H2 6.0x10" 0.
NH + NH NH2 + N 6.0x10" 8000.

NO 4- HO2 NO2 4- OH 8.7x10" 0.
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•0096ex0ixe8^f'^ -H N

•OOl'llei0ix££-l^HN -1- N

0n0ix0^9^HN H ̂ + N
0o xlZ/ciOIxO £Vi -t- ONH ̂ W -H ON -H H

0ttOixe^^ONH -t- ^0 ̂ ON -1- '^OH
•00^'82ei0ix9^1HO -t- ONH ̂ '0 -H 'HN

•0et0ix0^9^H -H ^N ̂ N -H ^HN
•0ei0IX0^9"H^N ̂ ̂HN HN

•0018a0ix0^9^H + HN ̂ ̂HN -H H
•0001z ji-JCgiOlxS 9H -t- HO -f- ^N ̂ ON -H ̂HN
•0zi0ix0^9ON -H H <- HN + 0

0sz'o-l£hOI X ££ IH -1- ON ̂ HO -t- N

•OOQ'SinOixsri'^O -t- ^N <- ON ON
•00S2.eiOIxO^T0 -1- ON ̂ ̂0 -1- N
•oosuOlxSi^S0 -H ̂N <- ON + N

1

1—'

o
o

oxJ;90lx59^iW -i- ^ON <- -f- ^0 ON

•008Z-o'lLtciOlxS ZPV -i- ^ON ̂ W -H 0 ^ON
•009-O lLtgOIXO f^ON + ̂ON ♦- ^0 -f- ON ON
•009CIOIXO^I^=0 -<- ON 0 -H ^ON

•0098-o ilIoxOIxS SPV -1- '^ON ^ P^ -f- 0 ON
0EiOtxe^sHO -f- ON ^ H ^ON
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