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Abstract

This dissertation introduces infrared planar laser-induced fluorescence (IR PLIF) tech-
niques for visualization of speciesthat lack convenient electronic transitions and are there-
fore unsuitable for more traditional electronic PLIF measurements. IR PLIF measurements
can generate high signal levelsthat scalelinearly with both laser energy and species concen-
tration, thereby demonstrating advantages over Raman and multiphoton PLIF techniques.

IR PLIF is shown to be a straightforward and effective tool for visualization of CO
and COs in reactive flows. The slow characteristic times of vibrational relaxation and the
large mole fractions of CO and CO; in typical flows lead to high IR PLIF signal levels,
despite the low emission rates typical of vibrational transitions. Analyses of rotational
energy transfer (RET) and vibrational energy transfer (VET) show that excitation schemes
in either linear (weak) or saturated (strong) limits may be devel oped, with the fluorescence
collected directly from the |aser-excited species or indirectly from bath gasesin vibrational
resonance with the laser-excited species. Use of short (~1 1S) exposures (for CO) or short
exposures combined with long-pulse, high-pulse-energy excitation (for CO2) minimizes
unwanted signal variation due to spatially-dependent VET rates.

Results are presented for flows ranging from room-temperature mixing to a benchmark
CH4 laminar diffusion flame. Linear excitation is appropriate for CO due to its slow vi-
brational relaxation. However, linear excitation is not well-suited for CO2 imaging due to
fast HoO-enhanced VET processes and the attendant difficulty in interpreting the resulting
signal. Saturated excitation using a CO» laser (or combined CO, laser-OPO) technique is
most appropriate for CO», as it generates high signal and minimizes spatial variationsin
fluorescence quantum yield.



Since IR PLIF isapplicableto most | R-active species, it has ahigh potential for expand-
ing the diagnostic possibilities avail able to combustion researchers. Such diagnostics might
include visualization of the fuel region of lifted flames, CO—formation regions in flames,
or exhaust mixing processes in internal combustion engines as applied to residual-induced
autoignition.
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Chapter 1

Introduction

1.1 Motivation

Planar laser-induced fluorescence (PLIF)[?, 1] is a non-intrusive, in-situ, optical diag-
nostic that can remotely image a selected molecular speciesin afluid flow. Laser light is
tuned spectrally to an absorption line of the molecular species, shaped geometrically into a
thin sheet, and used to excite molecular transitionsin the illuminated plane; fluorescence is
then collected by a camera, interrogating the two-dimensional distribution of a molecular
parameter. PLIF isa particularly attractive combustion flowfield imaging diagnostic owing
to the strength of the fluorescence process, its species-selectivity, and its ability to provide
gpatially and temporally resolved, two-dimensiona information. Because of this, PLIF
has been successfully employed using electronic transitions in the visible and ultraviolet
regionsto visualize a variety of flow parameters, including species concentration [2], tem-
perature [3], velocity |citepaul 89, pressure [4], and reaction rate [5]. Much of thiswork has
been summarized in a number of reviews[1, 6, 7]. Two-dimensional interrogation of these
field properties can be used to evaluate mixing processes in subsonic [8] and supersonic [9]
flowfields, visualize shocks [10], identify fuel [11] and reaction [12] zones in flames, and
quantify heat release [13] and combustion-related toxin formation [14] in flames.

Because previous PLIF measurements have used UV or visible laser light to excite
electronic transitionsin molecules and collect UV or visiblelight associated with electronic
fluorescence, PLIF techniques have historically been implemented only when the el ectronic
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transitions of the interrogated species are compatible with available laser sources and CCD
cameras. Fortunately, the UV spectra of many important combustion molecules such as
OH [15], CH [12], NO [16], and O2 [17] are compatible with common pulsed excimer
laser, dye laser, or OPO systems, and PLIF imaging diagnostics have been developed to
investigate these species.

In contrast, electronic PLIF measurements are not well suited for most combustion fu-
elsand all of the primary combustion products (CO>, H20, H,, and CO), since they possess
single-photon absorption transitions only in the vacuum ultraviolet. Because spatially re-
solved visualization of these speciesis so crucial, yet traditional PLIF diagnostics are not
feasible, many attempts have been made to image these species using other techniques.
Such efforts have included Raman scattering [18], Rayleigh scattering [19], multiphoton
PLIF [20], laser-induced polarization anisotropy (polarization spectroscopy) [21], or de-
generate four-wave mixing [22]. While these techniques have in some cases experienced
limited success, in general none of these diagnostics has found widespread use due to fun-
damental limitations: Raman scattering is weak and generates low signal levels which are
typically unsuitable for imaging; Rayleigh scattering is, in general, not species-selective;
multi photon absorption is weak, responds nonlinearly to laser power, and typically induces
predissociative transitions; and laser-induced polarization anisotropy and DFWM, while
successful for point measurements, typically do not scale successfully for planar imaging.
A notable exception to thisis multiphoton PLIF of CO, which has been used with some suc-
cessfor point measurements[23] and imaging [24] of CO in flames. However, of prominent
combustion fuels and products (e.g., CHg4, CO, CO2, H20), CO isthe only molecule with a
non-predi ssociative multiphoton transition, and the multiphoton PLIF strategies devel oped
for CO have not found widespread use for other species.

In contrast to UV/visible imaging diagnostics, for which the experimental tools had
become mature as early as 1990, infrared imaging diagnostics have undergone rapid evolu-
tion in recent years, due primarily to improvementsin performance of infrared foca plane
arrays (FPASs). Improved FPAs, combined with more robust infrared nonlinear optical crys-
tals and low-divergence pulsed pump lasers, have made it possible to consider extending
planar laser-induced fluorescence (PL1F) imaging diagnosticsto the infrared.
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By using infrared lasers and cameras, PLIF imaging diagnostics using vibrational tran-
sitions for all infrared-active species become feasible. While there are challenges asso-
ciated with the use of infrared transitions (most notably, the fluorescence emission rates
in the infrared are low), many opportunities are afforded by modifying PLIF techniques
to use infrared transitions. In this form, infrared planar laser-induced fluorescence (IR
PLIF) [25, 26] uses an infrared laser source to excite vibrational transitions and an infrared
camera to image the resulting vibrational fluorescence.

This dissertation will demonstrate that IR PLIF has advantages over Raman [18] and
multiphoton PLIF [20, 27, 28] for imaging species that lack convenient UV transitions, be-
cause IR PLIF measurements can generate high signal levels that scale linearly with both
laser energy and species concentration. For example, Figure 1.1 showsthat signal levelsfor
COimaging using IR PLIF techniques exceed those using Raman techniques by several or-
dersof magnitude. Thisdissertation presentsinitial results for atmospheric-pressure flows

5
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© IR PLIF
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s 10°
o
[72]
S 10°
S
o q0°
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Figure 1.1: Comparison of signal levels for IR PLIF as compared to Raman imaging for
1 atm pure CO. /2 optics, 4 cmx4 cm FOV; 1 cm sensor array; 70% filter throughpuit.
For IR PLIF: 12 mJ@2.35m, 85% quantum efficiency, 1 us exposure time; for Raman:
2 J@532 nm, 30% quantum efficiency.

using thefirst infrared (IR) PLIF diagnostics for CO and CO,, the first detailed analysis of
excitation schemesfor these species, thefirst resultsusing saturated laser excitation, and the
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first technigques that use combined laser/VET pumping schemes. These diagnostic devel-
opments enable single-shot visualization of these species in a manner not before possible.
Since IR PLIF is, in principle, applicable to all IR-active species, IR PLIF has high poten-
tial for expanding the diagnostic possibilities available to combustion researchers, which
might include visualization of the preflame (fuel) region of lifted flames, CO formation
regionsin flames, or exhaust mixing processes in internal combustion engines.

1.2 Thesis Scope and Overview

The primary goals of thiswork are: 1) to introduce the infrared planar laser-induced
fluorescence (IR PLIF) technique, 2) to present a model-based framework for designing
and analyzing IR PLIF imaging techniques, 3) to develop and demonstrate effective and
straightforward implementations of IR PLIF diagnostics, particularly for the visualization
of CO and CO, and 4) to map out the most fruitful paths for future work in developing,
modifying, and extending these techniques.

This dissertation is organized as follows: after this brief introduction (Chapter 1), the
three major subsections of thiswork are described in turn: IR PLIF of CO (Chapter 2), IR
PLIF of CO, (Chapter 3), and IR PLIF using indirect excitation schemes (Chapter 4). A
final chapter (Chapter 5) draws conclusions and considers the implications of this disserta-
tion for future work.

Background information that is of general importance to this dissertation is presented
in appendices. Appendix A describes the equipment used in the experimental work. Ap-
pendix B discusses rotational energy transfer theory and its implementation to analyze IR
PLIF excitation processes. Appendix C discusses vibrational energy transfer theory and its
implementation for calculations of IR PLIF fluorescence yield.



Chapter 2

IR PLIF of Carbon Monoxide

2.1 Introduction

IR PLIF of carbon monoxide was selected for the first demonstration of the IR PLIF
technique. Although its absorption and emission features are weaker than many other
species (such as CO,), CO is an attractive demonstration species owing to its well-known
spectroscopic parameters [29], well-investigated energy transfer processes [30], and single
vibrational mode. This chapter will combine imaging measurements with an exploration of
the detailed collision dynamicsfor CO imaging schemes and present a model-based frame-
work for interpreting current and future IR PLIF imaging efforts. While PLIF imaging has
been employed for visualization of avariety of flow parameters, including species concen-
tration [2], temperature [3], velocity [31], pressure [4], and reaction rate [5], this chapter
will be structured solely around imaging of molecular concentration. Extensions to other
flow parameters have been discussed in various reviews[1, 6, 7].

Interpreting IR PLIF images in a meaningful way requires that excitation schemes be
designed so asto maximize signal while minimizing error sources such aslaser scatter, laser
attenuation, radiative trapping, or spatially non-uniform fluorescence quantumyield. Since
the processes of laser pumping, energy transfer, and camera integration change when PLIF
techniques are modified to employ vibrational transitions, the analysis of these processes
must be reconsidered for linear IR PLIF measurements.

This chapter presents the framework for analysis of linear IR PLIF excitation schemes
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aswell as specific resultsfor CO. In the following sections, typical experimental configura-
tions as well as techniques for image post-processing and interpretation will be described;
the excitation schemes being considered will then be discussed and the pulsed excitation
process, the parametric dependences of the effective fluorescence quantum yield, and the
sensitivity of IR PLIF imaging techniqueswill be evaluated. Results will then be presented

for several flow configurations.

2.2 Experimental Setup and Techniques

A typical experimental setup isshownin Figure 2.1. Laser light that is resonant with

InSb
cameras T2 CaF,
Nd:YAG o s singlet
HEN L
532 1064 singlet :. 5
nm nm . 12 mJ
sheet .2 laser sheet
optics = @ 2.35um
OPO/OPA 0—@—>
burner
720-740 InSb
nm detector
reference |
cell boxcar
interferometer

Figure 2.1: Typical IR PLIF experimental setup. PBS: pellicle beamsplitter.

vibrational transitions of CO is generated by the 10 Hz, nanosecond-pul se tunable infrared
laser source discussed in Section A.2. The OPO is grating-tuned to absorption lines of the
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overtone band of CO near 2.35 um and centered on a specific line by passing the beam
through areference cell and maximizing LIF as measured by an InSb infrared detector and
boxcar-averager. The beam is shaped using CaF, optics to form either a waist for single-
point LIF measurements or a thin sheet for PLIF imaging. IR LIF signal is collected onto
one or two LN2-cooled 256 x 256 InSh cameras (see Section A.4).

Post-processing is employed on images to eliminate a variety of error sources [1,9,
25]. Fluorescence from a uniform flow or laser scatter off a surface is used to correct
for inhomogeneitiesin the incident laser sheet. When performing this sheet correction, the
uniform field image is binned along the direction of laser propagation to create alaser sheet
function, spatial frequencies in the laser sheet function that are greater than 10 cm~! are
removed, and the experimental image is divided row-wise by the laser sheet function. No
evidence of higher spatial frequencies (ky > 10 cm™1) isobservedin our laser sheet, so this
filtering technique minimizes the noise introduced by sheet correction without generating
ameasurable error. Laser sheet inhomogeneity caused by laser attenuation in the imaged
region is corrected for using known absorption cross-sections.

Background generated by A/D offsets or non-laser-induced emission is corrected for
by subtracting a background image (collected without laser excitation) from the measured
image. Thisis achieved with a single camera for steady flows. For unsteady flows, a dual-
camera setup and a pellicle beamsplitter [32] are used. Here, techniques analogousto those
in previous multi-camera PLIF studies (e.g., [9] and references therein) are employed. Both
cameras collect fluorescence from the same side of the image plane and the fluorescence
is split between the two cameras with a 2 um pellicle to ensure that the spatial separation
of the two surface reflections at the focal plane (<4 wm) is much less than a pixel width
(30 um). Identical collection optics are used at equal magnification, and the positions of
the two image planes are aligned to within approximately one pixel of each other. Test im-
ages of a heated wire mesh are taken with both cameras and a spatial correlation between
test images is used to transform one image onto another, correcting for any warping of
the image plane caused by imperfectionsin the alignment, lenses, beamsplitters, and focal
planes. Tests on this algorithm indicate that the images can be correlated to each other to
within approximately 1/3 pixel; thus the spatial dynamic range of multiple-cameraimages
isonly very sightly degraded by the use of the multi-camera technique and the attendant
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transformations. Since our PLIF images are primarily read-noise limited, SNR losses as-
sociated with dual-image techniques are modest. Spatial resolution perpendicular to the
laser sheet is estimated to be 700 «m and is limited by laser sheet focusing optics, while
in-plane resolution is limited by optical aberrations and pixel crosstalk and is estimated to
be typically 1100 um (~3 pixels). Resolution on this order is common from 100% fill
factor focal planes, as they do not completely isolate pixels from their neighbors.

2.3 Fluorescence Equation

Fluorescence images are interpreted using the fluorescence equation, which is derived
in this section for a linear excitation scheme. When using an integrating detector (e.g.,
an infrared camera) and collection optics with efficiency n¢, LIF signal & is equal to the
integral of the rate of laser-induced fluorescence F over the exposure time =, multiplied by
the collection efficiency:

g = fo Ft)dtne. (2.)

The rate of laser-induced fluorescence from each excited state j is given by the product of
the laser-induced change in state population ANj (t) in the measurement volume and the
Einstein A emission rate from that state A;. Summing over all states:

SZZ/O AN;j () Ajdt ne. (22)
J

In the linear (weak) excitation limit, the absorption process does not significantly per-
turb the system, and Equation 2.2 can be rearranged to separate the processes of absorption
and emission. The number of absorbed photons Ny, ans is given by the number of incident
photons Np,inc times the absorbed fraction:

Np,abs = Np,inc Nabso £ , (2.3)

where ngys is the number density (concentration) of the interrogated species, o is its ab-
sorption cross-section, and ¢ isthe length of the imaged region. The fluorescence quantum
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yield ¢jin is then defined as the number of emitted photons normalized by Np aps:

Plin = Z/OT AN; ) Ajdt. (2.9
j

Np, abs

With these definitions, the fluorescence equation can be written as:

Sf,lin:Np,inc Nabso £ Plin 7c - (2.5)

Thisformat providesinsight into the effect of parameters on fluorescence signal. Np inc
is dictated by laser pulse energy, n¢ by the collection optics and camera, ngso £ by the ab-
sorption properties of the interrogated species, and ¢jin by the magnitudes of excited state
emission rates and the collisional interaction between the interrogated species and its en-
vironment. In particular, ¢i, embodies the effects of vibrational energy transfer processes
with the bath gas. Fluorescence images can be converted to molecular concentration via
Equation 2.5 by experimentally removing nonuniformitiesin Np inc (via sheet correction)
and n¢ (via pixel calibration), and employing excitation schemes that generate a nearly
uniform value for o ¢jin.

2.4 Excitation Schemes

The excitation scheme used for CO is designed to isolate the CO species concentration
from other parameters and error sources (most notably spatial or thermal variationsin o
and ¢jin) such that signal interpretation is straightforward. 8-15 mJ of energy is used to
excite arotational line of the first overtone (2 < 0) band near 2.35 um, and fundamental
emission (2 — 1,1 — 0) iscollected at 4.7 um. The overtone absorption band is used so
that laser scatter may be rejected with filters. In addition, absorption interferences are neg-
ligibleinthe 2.35 um region except for anumber of CO linesthat overlap with CH4 v3+v4
band absorption lines— these lines should be avoided when imaging methane flames. Flu-
orescence at 4.7 um is collected since it is the strongest fluorescence source. Bandpass
interference filters are used to minimize emissions from soot and water and eliminate |aser
scatter and CO» emission. A cold gasfilter [33—-35] is used in flame experimentsto reduce
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emission associated with (1 — 0) transitions, which isthe primary component of the back-
ground emission from hot CO. Since most of the LIF from nascent CO at flame conditions
occurs between excited states (2 — 1), thisfilter effectively passes LIF and rejects flame
luminosity. An example of CO gasfilter performance is shown in Figure 2.2.
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Figure 2.2: Filtering properties of a 1 cm pathlength of 300 K CO used to reject ambient
gaseous emission. (a) 2 — 1 laser-induced fluorescence is shown before (top) and after
(bottom) filtering. (b) 1 — 0 ambient fluorescenceis shown before (top) and after (bottom)
filtering. The cold gasfilter strongly attenuates the ambient gas emission while leaving the
(2 > 1) LIF mostly unaffected.

Since laser excitation occurs on nanosecond time scales and fluorescence integration
occurs on microsecond timescales, the pulsed excitation process can be considered tem-
porally separate from the vibrational relaxation process. Calculations of absorption and
fluorescence are therefore presented in two different sections.
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2.4.1 Absorption
Equilibrium Absorption Cross-Section

The absorption cross-section o (v) used in Equation 2.3 describes the probability that
a photon at frequency v will be absorbed by the interrogated molecule by providing the
equivalent area if absorption were caused by a billiard-ball collision between a size zero
particle (photon) and afinite cross-sectional area particle (the molecule). Thiscross-section
can be written as a product of the Einstein B coefficient [cm], the Boltzmann fraction in
the lower state f,~ j», and the convolution of laser and absorption lineshapes g [cm]:

o, P, T)=Bfy j»(T)agw, P, T). (2.6)

Hence temperature dependencein o isdue to changesin Boltzmann fraction and lineshape
convolution, while pressure dependence in o is from the lineshape convolution only.

Boltzmann fraction. For heteronuclear diatomics, the Boltzmann fraction of arotational
state j invibrational level v (assuming m; states undistinguished) is given by

@] +Dexp(—E, )/keT

fv,j - (27)
Qrot(j,T)Qvib(v,T)
In the rigid rotor and harmonic oscillator approximations, this becomes
2] +1 —j(+1 nyal
)= 2) +Dexp(—=) (] + DOy +v0,)/ ’ 28)

T/0r(exp(T/0y) — 1)

where ®; and ©, are characteristic temperatures[36] of rotation and vibration respectively.

Lineshape function. The molecular lineshape function ¢ describes the manner in which
the molecular resonance is broadened by external factors. For narrow-linewidth laser ex-
citation (which corresponds to all laser excitation in this report), the lineshape function’s
value a line center (¢(0)) isequal to g and is therefore the parameter of interest. For rel-
atively nonpolar molecules such as CO and CO, and lines that are isolated at the pressure
in question, ¢ iswell-described by convolving the effects of Doppler (Gaussian) and life-
time (Lorentzian) broadening into a Voight function. The Voight function ignores velocity-
class-dependent lifetimes, line mixing, and Dicke narrowing, all of which are minor for
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these species and 1 atm conditions.

Simple relations [37] describe Doppler and lifetime (collisional) broadening mecha-
nisms. Doppler broadening scales with molecular velocities and the Doppler lineshape
FWHM is therefore proportional to T1/2. Lifetime broadening for CO and CO, is domi-
nated by rotational energy transfer (RET). For isobaric flows, collisional broadening FWHM
scalesin the gaskinetic limit as T ~1/2; more detailed analysistypically gives power-law ex-
ponents closer to -0.7 (CO) or -0.6 (CO»).

In contrast to UV transitions, IR transitions are dominated by collisional broadening
at 1 atm up to 1500 K. Even at higher temperatures, the effect at line center of Doppler
broadening tends to be minor. Because of this, a power-law fit of line center values as a
function of temperature can provide a simple (albeit phenomenological) functional form
for g asafunction of temperature:

9(T)/g(300K) = (T /300K)". (2.9)
Typical valuesfor n are 0.6 (CO) or 0.5 (CO»).

Dynamics of Absorption Cross-Section

Equation 2.3 tacitly assumes that the laser-induced perturbation of state distributions
is small, so the absorption cross-section per CO molecule o does not change during the
laser pulse. To use Equation 2.5 to interpret IR PLIF images, then, this assumption must
be confirmed, establishing that & is linear with Npjnc. For the CO excitation scheme,
experimental measurements and calculations of rotational energy transfer (RET) processes
during the laser pul se have been used to confirm that fluorescenceisin thelinear regime and
that standard PLIF experimental techniques and post-processing procedures may be used.
These procedures, which include the sheet correction techniques described earlier in this
chapter, can introduce errors if fluences are high enough to perturb state distributions and
generate nonlinear absorption. By establishing that fluorescence is in the linear regime,
these results confirm the accuracy of current experiments and can be used to project the
success of future efforts which might employ more powerful laser systems, different sheet
optics, or irradiated regions of different sizes.



CHAPTER 2. IR PLIF OF CARBON MONOXIDE 13

Four-level model

In this section, we model the pulsed excitation process using a rate equation analysis
that includes the effects of both laser pumping and collisional rotational energy transfer
processes. Because VET for CO is much slower than RET, VET is ignored during the
laser pulse. As a simplification, the pulsed excitation process is described using a four-
level model (Figure 2.3). Thisis a standard model [38] in which the upper and lower

: upper vibronic level NoKget

>

2 3

A —
N3 f Krer
N 1 klaser N2klaser
N1kR T
v

1

— 4

.........................................................................

Figure 2.3: Four-level model for analysis of pulsed excitation with rotational energy trans-
fer. Therotational bath (levels 3 and 4) is assumed to be equilibrated with the tranglational
temperature. Energy transfer processes are shown with arrows.

levels of the transition are connected via the laser field. RET connects each of the laser-
coupled levels to the rotational bath of their respective vibronic levels. States 1 and 2 are
the lower and upper states, respectively, of the optical transition. All other rotational states
in the vibronic levels are grouped into bath states 3 and 4, which correspond to the upper
and lower levels, respectively. Laser pumping distributes molecul es between levels 1 and 2,
while RET drivestherotational populationstoward aBoltzmann distribution in which states
1 and 2 each hold the Boltzmann fraction f of the total population of their vibronic level.
For simplicity, the rotational degeneracy ratio ((2j +1)/(2j + 3) for an R(j) transition) is
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neglected in thismodel. The rate equations for this system then become:

% = —NiKaser + NoKjaser — Nikrer + Nafkgrer

% = NiKaser — NoKiaser — Nokrer + Nafkger (2.10)
% = Nokrer — Nz fkrer '
% = Nikrer — Nafkrer

N1 + N2 + N3 + N4 is constant since this is a closed system. During the laser pulse,
the laser excitation depletes level 1 and overpopulates level 2. Thus the two-level system
(levels1 and 2) are driven towards equal populations, corresponding to infinite temperature.
kret equilibrates levels 1 and 2 with bath states 3 and 4 (which are at the trandlational
temperature Ty). If kret isfast, the system will remain in equilibrium and the temperature
of the level 1-level 2 system will remain equal to that of the level 3-level 4 system. In
contrast, if kret is Slow compared to kjar then the level 1-level 2 system will have a
higher temperature than the level 3-level 4 system. In addition, the relative magnitude of
the laser pulse will dictate the extent to which the overall system temperature departs from
the pre-laser temperature.

Transfer rates. If it is assumed that line broadening stems entirely from rotational
energy transfer and that the RET rates are independent of vibrational level, the rate of
transfer out of a specific rotational state (kret) may be inferred from line broadening:

Krer = 27CAvg , (2.11)

where c isthe speed of light [cmV/s] and Avg, [cm™Y] isthe HWHM collisional broadening
of the pumped line with the given pressure and bath gas. The rate of laser pumping isgiven
by:

Kiaser = o1 /v, (2.12)

where | is the irradiance [W/cm?] and hv is the photon energy [J]. Level populations as
a function of time are displayed for a sample case in Figure 2.4. At this large fluence
(600 mJ¥cm?), the nonequilibrium is clear in the ratio of populations in levels 2 and 3.
With no laser energy (at the beginning and end of the pulse), the ratio of levels2 and 3 is
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Figure 2.4: Population fractions as a function of time for the four-level RET model.
T=300 K, R(13) excitation in the 2v band, 600 mJcm? fluence, 6 ns FWHM laser pulse.

dictated by equilibrium and is indicated (on this logarithmic plot) by the distance between
their lines on the plot. In contrast, at high irradiance (during the peak of the laser pulse),
the laser dominates over RET and level 2 isoverpopulated. Here the ratio between the level
popul ations departs from its equilibrium value.

Qualitatively, the result of this simple model is that the system is linear (laser-induced
perturbations are small) if the number of absorbed photons is small as compared to the
number of absorbersin the interrogated volume and if kret is also greater than Kjaser

Detailed model

Thefour-level model isuseful for conceptual purposesand is suitablefor approximately
determining the effects of RET on departure from linear absorption; however, it assumes
that all rotational state populations except for the laser-coupled states are in equilibrium,
and at high fluences might be expected to overpredict the effectiveness of RET as compared
to adetailled analysis. Thus, to evaluate the quantitative accuracy of thismodel, an integra-
tion of state-to-state rate equationsis also used and the two approaches are compared.

For the detailed (state-to-state) approach, each rotational state j is considered (m;
states, though, are not distinguished). State-to-state RET rates (as well as their scaling
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relations) for CO have been studied in the context of line broadening and mixing, and rates
given by these scaling laws can be employed straightforwardly and confidently for a de-
tailed analysis. For a particular laser pulse, the laser transition is accounted for using the
known Einstein B coefficient and the time-dependent laser intensity. For 2.35 um excita-
tion of CO, state-to-state RET rates were model ed using a modified exponential-gap (MEG)
scaling law akin to one used for studies of CO Raman line mixing [39, 40]. The MEG scal-
ing was chosen since it is straightforward to implement and successfully reproduces line
broadening and mixing in CO. In the form of MEG implemented here, endothermic RET
rates were fit for collisionally induced rotational state changes:

COG) + M 5 Co(j) + M. (2.13)

through the use of the equation:

296\" /1+ Ei/ksT$
kj(—i =A
T 1+ E/keT

Here kj i isthe transition rate from rotational statei to j; E; isthe energy of statei [J];
T istemperature [K]; AE = E;j — Ej, kg isBoltzmann's constant [JK]; and A [s7Y], 8, &,
and n arefitting parameters. Exothermic reaction rates follow from detailed balance. MEG
parameters are fit for a particular bath gas so that the summed state transfer rates match
measured or calculated HWHM line broadening values from [40-43]:

2
) exp(—BAE/ksT) . (2.14)

o0
2mCAvg =Y Kji. (2.15)

=1

j#i
Elastic dephasing and resonant R-R transfer can be ignored since both pathways have been
shown to have negligible effect on CO line mixing and broadening [39, 44]. Rotational
transfer rates in v = 2 are assumed identical to thosein v = 0 since CO IR and Raman

linewidths are constant with vibrational level [40, 44, 45] (see Appendix B).

Given state-to-state RET rates, a spatial and temporal integration of state populations
during pulsed excitation may be used to predict the dependence of LIF signal magnitude
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on fluence. The predictions of the four-level model as well as the detailed, state-resolved
model (which uses the MEG scaling law) were confirmed experimentally by measuring
single-point LIF intensity as a function of pulse energy and comparing to the model pre-
dictions. A 250 mm focal length CaF» spherical lens was used to focus the 2.35 um beam
down to an approximately Gaussian waist with FWHM of 330 um and Rayleigh range
of 43 mm. By focusing to a single point, fluences approximately 300 times higher than
those typically used in imaging experiments can be achieved; large fluences cause non-
Boltzmann distributions and more thoroughly test the RET model. The temporal profile of
the near-IR (731 nm) OPO output was measured with a fast photodiode (Thorlabs DET-
210), and the result after instrument function deconvolution (~6 ns FWHM Gaussian) was
used as the temporal profile of the 2.35 um pulse for the purposes of the calculations.
Calculations with the MEG scaling law (parameters for this mixture: A=4.2 x 108 s71,
B=1.35, §=1.17, n=0.69) are compared in Figure 2.5 with results of the four-level model
and the experimental data. The good agreement between experiment and the MEG scaling
law model indicates that the MEG scaling law analysis is quantitatively accurate and can
be used to predict absorption processes. The four-level model is satisfactory at the lower
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< —— 293K: detailed model
c 0.6 —-— 293K: four-level model
= B 705K: measurement
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Figure 2.5: Comparison of computational results and experimental measurements of LIF
as afunction of characteristic fluence, defined as pulse energy divided by square of beam
waist FWHM. Measured LIF signal isrelative. 293 K (R(8) excitation) and 705 K (R(12)
excitation) experimental values are al scaled by a single constant factor, which is chosen
to best match the computation.
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fluences shown in this figure (which are still much higher than those used in planar mea-
surements), but deviates by as much as 20% at the highest fluences. The four-level model
is therefore deemed appropriate for estimating the linear excitation regime, but state-to-
state resolution is required to accurately model highly nonlinear IR LIF excitation at high
fluences which might be used for point measurements.

Having matched the modeled RET rates to transition linewidths and confirmed that the
rate equation analysis accurately predicts the growth of signal intensity with increasing
fluence, we use the MEG scaling law calculations to confirm that our experimental param-
eters for IR PLIF imaging lead to linear fluorescence. Note that, for the purposes of this
confirmation, the four-level model and the MEG scaling law calculations give identical re-
sults. We define the acceptable fluence as the maximum fluence for which the predicted
errorsin LIF signal caused by laser perturbation of state populations are below 10%, and
we plot acceptable fluences as a function of temperature in Figure 2.6 for a typical set of
experimental parameters. The acceptable fluence range decreases with temperature due to
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Figure 2.6: Acceptable fluence shown as afunction of temperature. Assumed experimental
parameters: 1 atm, trace CO in air, excitation of the strongest R line, factor of two spatial
variation of irradiance across the image due to laser sheet profile nonuniformity and beam
focussing, 500 pm sheet thickness. MEG RET model is used. Results using the four-level
model are essentially identical for these fluences.

decreased collision rates and smaller RET cross-sections. For comparison, atypical value
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for laser fluence during planar excitation is shown, indicating that current experiments are
within the linear regime as defined above. The perturbation of the state distributionsis not
significant enough to affect interpretation of PLIF signal. This conclusion is essentia to
IR PLIF imaging of CO—despite the high pulse energies, a smple, linear analysis may
be used to interpret PLIF signal, enabling the use of a focused (non-collimated) sheet and
standard sheet-correction techniques.

2.4.2 Fluorescence

Having used RET calculations to confirm that typical fluences in IR PLIF experi-
ments generate fluorescence within the linear regime, we use VET calculations to evaluate
the effective fluorescence quantum yield ¢in. As described earlier, the goal of excita-
tion/collection scheme design is to make the value of o ¢)in, uniform throughout the image.

In contrast to electronic PLIF measurements, for which the excited state population can
typically be modeled with good accuracy by an exponential decay with a single charac-
teristic decay rate, the decay of the laser-induced vibrational nonequilibriumis not aways
exponential and can be dictated by several different types of energy transfer processes. Se-
lected VET processes for the CO excitation scheme are shown schematically in Figure 2.7.

CO
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Figure 2.7: CO excitation/collection scheme with attendant VET processes.

Depending on the rates of these processes and the camera exposure time, the fluorescence
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guantum yield ¢jin will not always take on a form for IR PLIF measurements which is
similar to that used for electronic PLIF measurements. In order to describe the functional
form expected for IR PLIF fluorescence quantum yield, the current section will discuss
two systems: (1) amodel four-level system which is greatly simplified and thereby helps
to clarify the limiting behavior of IR PLIF schemes; and (2) a fully resolved vibrationa
system whose modeling requires numerical integration but that accurately represents the
vibrational manifolds of PLIF species and their collisional partnersin combustion systems.

For the purposes of generating a qualitative understanding of how ¢, dependson VET
rates, results are first presented for a model four-level system with energy levels and rates
shown in Figure 2.8. This model system treats molecular species as two-level systems

LIF species L bath species B
excited vibrational levels
77K Al
i 1tDE2
- 6
A :f .1 A
: H
H | i,
{ ! DE,
V-T L Vv V-T H"AY)
transfer I transfer transfer I transfer
- ]|
: :.
A4 Vi A4 * A
58 /

ground vibrational levels

V-V rates:
NgNg/Nk,exp[-CE,/kT]
== NgN,/Nk,

V-T rates:
—  6-5:Ngky-N;kyrexp[-CE,/kT]
7-8:Nky1-Ngkyrexp[(-0E,;-CE,)/kT]

Figure 2.8. VET rates for model four-level system. Radiative transfer is a minor energy
transfer mechanism and is omitted from thisfigure. These levels are thus numbered 5-8 to
differentiate them from the levelsin the four-level RET model levels.

and considers two diatomic species. the LIF species L (the species that is excited by the
laser and whose fluorescence is collected by the camera) and a near-resonant bath species
B (a species that does not interact with the laser but has excited vibrational levelsthat are
near-resonant with the excited levels of the LIF species). In treating species as two-level
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diatomic systems, this model system eliminates intramodal V-V relaxation (which would
be present if more than two levels were considered) and intermodal V-V relaxation (which
would be present if polyatomics were considered). Note that, in contrast to the four-level
model used to examine the pulsed excitation process (Figure 2.3), each level in Figure 2.8
is an ensemble of all rotational states in the vibrational level. For LIF measurementsin a
pure gas, levels 7 and 8 are not used, and the system is effectively two-level.

Following laser excitation that populates level 6, the system equilibrates with other
species via vibration-to-vibration (V-V) processes at a characteristic rate denoted as kyyv
and equilibrates with the trandlational temperature via vibration-to-transation (V-T) pro-
cesses at a characteristic rate denoted as kyt. V-T transfer proceeds via the following
mechanisms:

L6)+M < L5 +M+ AE;, (2.16)

with forward rate NgkyT and backward rate Nskyt exp(—AE1/kgT); and
B(7)+M < B(8)+M+ AE1 + AE>, (2.17)

withforward rate N7kyT and backward rate Ngkyt exp[—(AE1+AE2)/ kg T]. V-V transfer
proceeds via
L(5) +B(7) < L(6) + B(8) + AE>. (2.18)

with forward rate N5N7/Nkyy exp(—AE2)/ kg T) and backward rate NgNg/Nkyy. In all
cases, M implies any molecule. The rate equations for this system are:

dNs/dt = Ngkyt — Nskyt exp(—AE1/kgT)
— N kyy + Meekyy exp(—AE2/ ke T)
dNg/dt = Ngkyt — Nskyt exp(—AE1/kgT)
+ R8T Ky — NeNek,y exp(—AE,/ksT)
dN7/dt = Ngkyt — N7kyt exp[—(AE1+ AE2)/kgT]
— e kyy + MerBkyy exp(—AEz/ksT)
dNg/dt = Ngkyt — N7kyT exp[—(AE1+ AE5)/kgT]
+ 28k — NeNekyy exp(—AE,/ksT)

(2.19)
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While the major simplifications associated with the model four-level system prevent it from
matching the exact behavior of a complete vibrational relaxation system, the model sys-
tem’s simplicity facilitates straightforward discussion of ¢, and its approximate depen-
dence on experimental and physical parameters.

The fluorescence quantum yield (Equation 2.4) reduces to simpler expressions in cer-
tain limits when the model four-level system from Figure 2.8 is analyzed. Assuming, for
simplicity, that the excited state is unpopulated before laser pumping, Equation 2.4 be-
comes

Plin = /T ANe®) 4 (2.20)
0 Np,abs

Here Np ans = Ng(t = 0) isthe number of absorbed photons, or equivalently, the number
of molecules excited by the laser. Equation 2.20 simplifies further in certain limits, several
of which are discussed in the following paragraphs.

Fast equilibration of pumped mode with translational mode. When the collisional V-T
decay is fast compared to the camera exposure time and V-V equilibration is not present,
the fluorescence quantum yield simplifies to a ratio of emission and collisional transfer
rates. For example, the collisional decay time 1/ kyt of CO» vibrational levelsin 1 atm of
H50 is ~10 ns and minimum camera exposure times are 300 ns. For thiscase, T — oo,
and Equation 2.20 simplifiesto the familiar ratio of emission and collision rates:

Plin = /0 Aexp(—kytt)dt = A/kyt. (2.21)

Short exposure time. When the camera exposure time is much shorter than the charac-
teristic time of vibrational equilibration, vibrational level populations do not change during
the exposure time, and the fluorescence quantum yield is simply the product of the emis-
sion rate and the exposure time. For example, IR PLIF of room temperature CO might
employ an integration time of ~0.5-10 us, while the vibration-to-translation (V-T) energy
transfer which depletes the vibrational energy occurs on millisecond time scales. In this
case, kyt < 0, and Equation 2.20 simplifiesto

Plin = f Aexp(—kyTtt)dt = / Adt = Ar. (2.22)
0 0
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Fast intermolecular vibrational equilibration; slow translational equilibration. When
the system exchanges vibrational energy between molecules quickly, but loses vibrational
energy to the translational and rotational modes slowly, the V-V transfer is quickly equili-
brated, while the V-T transfer is frozen. In this case, ky1 — 0 and kyy — oo. Thusonly
kyv terms in Equations 2.19 are retained, and the equilibrium between levels 6 and 7 is
described by detailed balance. Setting temporal derivatives equal to zero, eliminating ky
terms, and combining Equations 2.19, we find:

NsN7 ~ NgNs
N ~ N

exp(—AE2/KT). (2.23)

The vibrational energy, which was initially held by the LIF molecules in level 6, is now
shared between LIF and bath species in proportion to their mole fractions:

& = & eXp(AE2/ksgT), (2.24)

XL XB
Here it is assumed that the vibrational excitation is small, therefore Ns/N ~ x_ and
Ng/N ~ xg, where x_ is the mole fraction of the LIF species L and xg is the mole
fraction of the bath gas species B. Noting that, for kyt — 0, Ng+ N7 = Np aps, and substi-
tuting Equation 2.24 into Equation 2.20, it can be shown that the vibrational energy in the
fluorescing moleculeis diluted by the bath gas, attenuating the PLIF signal:

XL
T .
XL + xB eXp(—AE/ksT)

Plin = A (2.25)
For large A E2, Equation 2.25 becomes Equation 2.22, while for small AE», thissimplifies

to:
XL

XL+ B
While the above results apply rigorously only to the model four-level system and thus
give only semi-quantitativeresultsfor real systems, they serveto identify which parameters

dlin = At (2.26)

will beimportant for PLIF signal and which excitation schemeswill be most successful. IR
PLIF signal ismost easily interpreted if the limit in Equation 2.22 isreached, since signals
are independent of collisional environment. In cases with rapid resonant V-V transfer (CO



CHAPTER 2. IR PLIF OF CARBON MONOXIDE 24

in N2, CO2 in N2), fluorescence quantum yield may scale approximately with mole fraction
as described by Equation 2.26, making quantitative interpretation more challenging but
increasing image contrast since LIF signal depends on mole fraction more strongly than
linearly. In all cases, the presence of arapid V-T quencher (e.g., H2O for IR PLIF of CO»)
can lead to PLIF signalswhich are inversely proportional to VET rates (Equation 2.21).

The limits described in Equations 2.21-2.25 are useful conceptual guidelines but are
only approximate; ¢, can be quantitatively evaluated only by integrating Equation 2.4.
Starting with an initia condition which assumes a laser-induced vibrational nonequilib-
rium, our detailed VET model (Appendix C) uses a rate equation formulation and the
CHEMKIN interface [46] to solve for the vibrational level populations as a function of
time. The model assumestranslational and rotational equilibrium (i.e., acommon rotational
and trandlational temperature) since these modes equilibrate very quickly as compared to
the camera integration time. To use the CHEMKIN interface and solver for vibrational
energy transfer, the thermodynamic database input is modified to treat vibrationa levels
asindividual species, and curves are fit to experimental or computational transfer rate data
from a variety of references (see Appendix C for details). Key energy transfer rates for
CO in atypical mixture for a mixture corresponding to a fuel-rich flame are shown graph-
ically in Figure 2.9 (note for comparison that the characteristic time for radiative transfer
is approximately 14 ms). Note that V-V transfer is the most important mechanism, while
V-T transfer is important only in collisions with H,O. The CHEMKIN interface provides
reverse reaction rates consistent with detailed balance. Roughly 80 vibrational levels and
14,000 energy transfer processes are used.

The detailed VET model has been used to compute ¢)in for CO following 2v excita-
tion. Figure 2.10 shows temperature-dependent fluorescence quantum yield as a function
of camera exposure time, strength of excitation, CO mole fraction, and H,O mole fraction.
For short exposures, the system approaches the no-quench limit of Equation 2.22, while
for longer exposures, the effects of energy transfer processes are evident (Figure 2.10a).
Exposure times near 1 us are a good compromise between minimization of ¢in varia-
tions and maximization of signal levels, and exposures near 1 us are typically used for
flame experiments. Strength of excitation (defined here as the fraction of molecules in
the lower vibrational level which are pumped to the upper level) does not affect ¢)in, for
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Figure 2.9: Characteristic times for vibrational energy transfer for CO as a function of
temperature and collision partner. Characteristic times are shown for a 1 atm mixture of
5% CO, 10% CO5, 10% H20 in N2. O, and inert gases are inefficient VET partners and
are not considered.

CO, since trandational heating during the exposure time is negligible (Figure 2.10b). The
fluorescence quantum yield ¢, shows minor dependence on CO molefraction at high tem-
peratures (Figure 2.10c). In this case, increased CO mole fraction minimizes the effects of
vibrational energy dilution by resonant bath gases (CO», N») as expressed in Equation 2.25.
These dilution effects become more prominent astemperature increases, since theincreased
trandlational energy decreases the effect of the energy gap associated with transfer from CO
to N, and CO» (about 200 cm~1 or 300 K energy defect). At the CO levels which are ob-
served in most hydrocarbon flames (<5%), the maximum variation of ¢, with CO mole
fraction for a1 us exposure is £7% . Note that this variation is much less than that pre-
dicted by Equation 2.25, which sets an upper bound for these effects. H,O accelerates
trandational equilibration at all temperatures, and for a1l us exposure ¢)in varies by +15%
as water mole fraction is varied from 0—20% (Figure 2.10d). In both cases, variations are
significantly smaller for 1 us exposures than they are in the long-exposure limit (Equa-
tion 2.21). Notethat in all cases the fluorescence quantum yield decreases with increasing
temperature due to increasesin VET rates.
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Figure 2.10: Effects of (a) exposure time, (b) strength of excitation, (c) CO mole fraction,
(d) H>O molefraction on ¢i, for CO. Nominal parameters: 1 s exposure, 10% excitation,
mixture constituents 5% CO, 15% H>0, 15% CO5 in N2. In each graph, one parameter is
varied from the nominal value while other values are held constant. For comparison, note
that in the no-quench limit, Az = 7 x 10~° for a 1 s exposure.
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The above results show that the effects of varying bath gas composition are manage-
able, and that, with an appropriate exposure time, a single curve (Figure 2.10b) describes
the dependence of ¢in with temperature to a good approximation. With thisin mind, exci-
tation of specific rotational lines may be chosen to minimizethe variation of signal levelsin
aparticular temperature range. Thus, with an appropriate excitation line, PLIF signal levels
are proportional only to species concentration and images may be interpreted in a straight-
forward fashion. Figure 2.11 shows the product of the fluorescence quantum yield ¢)in and
the absorption cross-section o as afunction of temperature. By choosing a particular rota-

500 1000 1500 2000
Temperature (K)

Figure 2.11: Product of absorption cross section and fluorescence quantum yield for CO
(normalized to R(7) line at 300 K) as a function of pumped line and temperature at 1 atm.
The gas mixture is the same as was used for Figure 2.10. Spectrally narrow laser excita-
tion at line center is assumed. From this graph, lines may be chosen which have roughly
constant o (£15%) in various regions ranging from room temperature to 2200 K.

tional line, ¢jino, and therefore PLIF signal per CO molecule, can be made approximately
independent of temperature within certain temperature ranges. Specifically, the R(24) line
generates signal which is constant to within +12% over the 800-2200 K range and the
R(12) line generates signal which is constant to within +15% over the 300-800 K range.



CHAPTER 2. IR PLIF OF CARBON MONOXIDE 28

2.4.3 Sensitivity

We evaluate the sensitivity of IR PLIF techniques by comparing signal levels to noise
that comes from A/D conversion (read noise) and background subtraction (shot noise). In
contrast to electronic PLIF measurements, IR PLIF measurements are often read-noise-
limited due to the high read noise associated with typical IR focal plane arrays. Recall
that read noise for our camera systemsis approximately 500 photoel ectrons per pixel. Shot
noise from background subtraction is a function of the experiment; typical values can be
as high as 1000 photoelectrons at high temperatures if spectrally wide filters are used or if
soot ispresent. Signal levelsfor IR PLIF measurements suffer from the low Einstein A co-
efficients associated with infrared transitions (for example, A for CO vibrational emissions
from v = 2 to ground is 70 s~1; A for typical electronic transitions~ 1 x 10°), but the
slow collisional relaxation for vibrational transitions allows fluorescence to be integrated
for alonger time. Figure 2.12 plots signal levels for two excitation lines as given in the
figure caption as a function of temperature. Note that signal from both excitation linesis

5000 .~ " ~. - - - R(12) excitation
) “~_  — R(24) excitation
4000 — ~_ —-—- hoise

3000 —

2000 —

Photoelectrons/Pixel

1000 —

500 1000 1500 2000
Temperature(K)

Figure 2.12: Calculated fluorescence signal as compared to noiselevelsfor IR PLIF of CO.
nco = 1.7 x 10*” ecm~3, corresponding to 5% CO at 2200 K, 1 atm. Bath gas 15%H -0,
15% CO,, balance N2. 1 usexposure, 10 mJ excitation pulse, 8 cmx 8 cm image.

well above read noise. This plot shows that single-shot imaging of nascent levelsof CO is
possibleusing IR PLIF.
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2.5 Imaging Results

Severa flow conditions are used to demonstrate IR PLIF of CO, ranging from room-
temperature mixing flows to laminar flames. Room-temperature mixing flows illustrate
the ability of the technique to generate high-SNR images in a controlled environment, and
imaging in higher-temperature environments demonstrate that imaging capabilities may be
extended to flows of interest to the combustion community.

Thefirst demonstration flow isa 6 mm diameter, room-temperature, forced jet, in which
avalve is quickly opened and closed, superimposing an impulse onto a laminar jet flow,
thus forming one or more vortex rings. A sample time series of single-shot images is
shownin Figure 2.13. Thisflow isthe most straightforward, asit isisothermal and the CO
concentration is high, leading to easily-obtained, high-SNR images. Here the fluorescence
guantum yield can be affected dlightly by changesin CO and N, molefraction, so signal in
Figure 2.13 corresponds to PLIF signal and is a qualitative flow marker.

In order to demonstrate the technique for quantitative interpretation of IR PLIF signals,
aturbulent CO/Ar jet in a CO/Ar/N2 coflow was imaged from x/D of 0 to 10. The same
excitation and collection scheme used to generate Figure 2.13 was employed with nominal
pulse energy of 12 mJ. A sampleresult is shown in Figure 2.14.

Since the CO concentration in the coflow was known, the images are essentially self-
calibrating. Post-processing steps are as follows: PLIF signal in the coflow is fixed to
the known coflow mole fraction, thereby calibrating the collection optics and correcting
for sheet intensity variations; laser attenuation is corrected for using known absorption
cross-sections; and a comprehensive model of fluorescence quantum yield (Appendix C is
used to adjust for the (relatively minor) fluorescence quantum yield variations. For these
images, the 2 mm diameter central jet (Re = 2800) consisted of 50% CO/50% Ar, while
the weak coflow consisted of 1.7% CO/1.7% Ar/96.6% N». Signal level in thisimageis
guantitatively related to CO mole fraction as given by the color table. Values of CO mole
fraction in the potential core are reasonably constant and match the expected value of 50%.
In addition, averaged cuts as the jet approaches the far-field regime (x/D = 8 isshown in
the figure) agree with the expected Gaussian profile and FWHM far-field spreading rates
for aturbulent jet.
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Figure 2.13: Single-shot IR PLIF images of a vortex ring developing from a 6 mm tube.
Jet fluid is 50%CO/50%Ar. Ambient gasisair. 12 mJat 2.35 um is used to excite the
CO. Integration timeis 20 us. Images are collected at 10 Hz and the flow is phase-locked
to allow a time series to be generated. PLIF signal in this isothermal, isobaric flow is
proportiona to CO mole fraction or concentration.
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Figure 2.14: Turbulent CO/Ar jet in CO/Ar/N» coflow. Top: Corrected single-shot instan-
taneous image. White line indicates x/D = 8. Bottom: normalized cutsat x/D = 8 for
instantaneous (left) and averaged (right) images are shown in comparison with the Gaussian
curve which best fits the averaged data. Integrationtimeis5 us.
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Representative peak SNR ratios for room-temperature images (Figures 2.13 and 2.14)
range from 150-200. Signal levels of the images presented here can be used to infer a
detection limit (SNR=1) for the present experimental setup of 1350 ppm at 300 K.

A 50%CO/50%Ar-fueled laminar diffusion flame (2% H» added for stability, air coflow)
was used to demonstrate imaging of CO (fuel) in a flame condition. This flame (Fig-
ure 2.15) could be perturbed to explore unsteady effects as desired, although only steady
results are presented here. Figure 2.16 showstypical CO imaging results. In these images,

combustion
products
(e.g., CO,)
Imaged region
Fr—-FF----- —l(z7x210m)

laser
sheet

(= o o .

fuel
50% COJ/Ar
Air with H,

Figure 2.15: CO/Ar/H5 flame and imaged region.

CO represents fuel and, since the R(7) lineisused, signal is weighted to low-temperature
regions. Thefuel regionisclearly identified by the CO PLIF signal (which scaleswith CO
concentration).

2.6 Conclusions: IR PLIF of CO

This chapter has introduced the IR PLIF technique, along with specific analysis and
results for IR PLIF imaging of CO. Design procedures for excitation schemes as well as
analysis required to interpret IR PLIF imaging of CO have been presented. Excitation at
2.35 umfollowed by al uscameraintegration at 4.7 um generates high signal levelswhile
eliminating laser scattering, laser attenuation, radiative trapping, and fluorescence quantum
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Figure 2.16: Single-shot CO PLIF image upon excitation of the R(7) line of CO for a
steady laminar coflowing CO/H2 flame. Signal indicates the presence of CO (fuel).

yield variations. A model four-level system is presented to conceptually describe the de-
pendence of IR PLIF signal. Thismodel highlightsdifferencesin IR LIF dependence based
on the relative length of time scales for camera exposure, V-T transfer, and V-V transfer.
Integration of vibrational level populations as calculated with a rate equation analysis has
been used to quantify fluorescence quantum yield and its dependence on bath gas temper-
ature and species constituents. For CO, the vibrational energy transfer is slow enough that
microsecond-scale integration times provided by our IR camera system effectively freeze
the vibrational populations and make the fluorescence quantum yield approximately inde-
pendent of the collisional environment. The R(12) and R(24) linesmay be used to generate
nearly temperature-independent signal within the 300-800 K and 8002200 K regions, re-
spectively. A detailed rate equation analysis of the transient absorption processin the pres-
ence of RET shows that typical experimenta fluences reside within the linear regime and
standard PLIF post-processing techniques may be used. While the detailed MEG scaling
law analysisisrequired to properly predict LIF signal at very high fluences which may be
employed for single-point measurements, a simple four-level (two-rate) model is sufficient
to confirm linearity of LIF signal for planar imaging.
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Calculations of signal and noise levels indicate that IR PLIF is sensitive enough to
enable single-shot imaging of nascent CO in flames. Results are presented for room-
temperature mixing flows and fuel visualization of laminar diffusion flames, showing the

potential for IR PLIF for imaging of CO.



Chapter 3

IR PLIF of Carbon Dioxide

3.1 Introduction

While CO (Chapter 2) is an attractive demonstration species, IR PLIF of CO, has the
highest potential impact as acombustion diagnostic owing to the current lack of an imaging
diagnostic capable of measuring nascent CO2 on a single-shot basis in combustion flows.
For example, CO, imaging can be applied to aid model development through study of
canonical flamesor aid visualizing important CO» mixing processes such as those pertinent
to residual-induced autoignition.

COz2’s fluorescence performance differs from CO due to its three vibrational modes,
near-perfect resonance of one mode with N> vibrations, and its affinity for vibrational en-
ergy exchange in the presence of H>O. These differences are observed in the absorption
and fluorescence properties of CO, and motivate changes from the excitation schemes used
for CO.

The analytical framework for treatment of linear excitation schemes and experimental
setup outlined in Chapter 2 is applied in this chapter to CO,. In doing so, a number of
challenges associated with applying linear schemes for CO, imaging are revealed. These
challenges motivate the use of saturated schemes (which use a high-pulse-energy TEA CO,
laser) to simplify IR PLIF image interpretation. The analytical framework for treatment of
saturated excitation schemes for CO» is then presented to elucidate the effect of strong
excitation on IR PLIF images.

35
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3.2 Linear Excitation Schemes

This section will discusslinear excitation schemes in a manner similar to that of Chap-
ter 2. Thisanalysis will highlight a number of challenges associated with linear excitation
schemes for CO», and will motivate a discussion of saturated excitation schemes for CO»
which isthen to follow.

3.2.1 Notation

When describing CO, energy levels, we use notation analogousto that of HITRAN [29];
adiscussion of CO, level notation can be found in Appendix C aswell as Ref. [47]. In ad-
dition to this standard notation, compact notation is also used here to denote groups of
vibrational levels as units; for example, alevel symbol that does not specify axial spin mo-
mentum (e.g., 110) is used to indicate the group of levels corresponding to that energy (in
this case, 11°0;, 11°0,,, and 0320).

3.2.2 Excitation Schemes

Several excitation optionsare availablefor CO,, including combination bandsat 2.0 ©m
(20%1;; <« 00°0) and 2.7 um (10°1;; < 00°0) and difference bands at 9.6 wm (00°1 <
10°0;,) and 10.6 um (00°1 <« 10°0)). In all cases, fluorescence is collected via the fun-
damental v3 band at 4.3 um. Absorption interferences at the laser wavelength are minor
at 9.6 um, 10.6 um, and 2.0 um for hydrocarbon flames. Excitation at 2.7 wm, though,
poses experimental challenges, aslaser attenuation due to ambient water and CO,, is strong
and must be eliminated by purging CO, and H2O from the beam path between the laser
and the imaged plane. Experiments to date using our OPO source have employed 2.0 um
excitation.

Aswas the case for CO (Chapter 2), analysisof RET and VET processes for CO, exci-
tation will be used to evaluate the linearity of CO, excitation schemes and the parametric
dependences of PLIF signal. Thisanalysisis described in the following sections.
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3.2.3 Absorption

Energy transfer processes during the laser pulse will be examined so as to confirm the
validity of Equation 2.5 for applicationto IR PLIF images of CO». Indoing so, thisanalysis
establishes the range of validity of Equation 2.5 and the assumption that the fluorescence
signa & islinear with the number of incident photons Ny jnc.

A rate equation analysisincluding RET and VET has been used to define the range of
acceptable fluences (fluences which generate < 10% error due to perturbed state distribu-
tions) for a number of excitation wavelengths. Energy transfer processes for the 2.0 um
excitation scheme are shown on an energy level diagram in Figure 3.1. Unlike CO, CO;

CO, vibrational manifold
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Figure 3.1: Energy transfer processes which occur during laser excitation for the sample
case of 2.0 um excitation of CO».

has many vibrational levelsin close proximity, and the vibrational transfer between these
levelsisfast. Vibrational energy transfer must therefore be considered for CO» since vi-
brationa transfer rates between near-resonant states in CO» can be within a factor of ten
of rotational transfer rates. For 2.0 um excitation, the pertinent energy transfer processes
are (@) collisional rotational energy transfer in the lower 00°0 and upper 20°1;, vibrational
levels of the laser transition and (b) vibrational energy transfer between the nine vibra-
tional levelsin the 201 manifold. Excitation pulses at 2.7 um, 9.6 um and 10.6 xm can
be analyzed in a similar fashion except for differencesin lower and upper vibrationa level
degeneracies.

Vibrational levels not connected by the laser transition are assumed to be in rotational
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equilibrium. For the levels perturbed directly by the laser pulse, state-to-state RET rates
are used. CO, RET isdescribed using a smple MEG scaling with rates inferred from line
broadening or mixing. Details are discussed in Appendix B.

The strengths of each absorption band leads to a different acceptable fluence (< 10%
error) limit, which islisted in Table 3.1 for atypical set of experimental parameters. For

Excitation Scheme Acceptable Fluence
2.0 um 1.160 Jcm?
2.7 um 0.015 Jcm?
9.6 um 0.025 Jcm?
10.6 um 0.031 Jem?

typical experimental fluence 0.040 Jem?

Table 3.1: Acceptable fluence (< 10% error) shown for several CO, excitation schemes at
1500 K. Assumed experimental parameters are the same as for Figure 2.6.

CO», 2.0 um excitation leads to fluorescence that is linear with laser pulse energy (since,
of the bands listed, its absorption is weakest), while excitation pulses at 2.7 um, 9.6 um,
or 10.6 um depart from linearity at modest fluences and are more appropriate for saturated
excitation techniques [48].

3.2.4 Fluorescence

For COg, fluorescence is collected at 4.3 ;«m, corresponding to single-quantum changes
in asymmetric stretch (v3) energy. The laser-induced excess of vz energy is depleted by
non-resonant intermodal V-V transfer (upon collisions with any molecule M) and by near-
resonant transfer (upon collisions with CO and N2). Because non-resonant transfer plays
an important role in the vibrational relaxation of CO», H2O’'s enhanced V-T transfer rates
strongly affect CO» vibrational relaxation [49]. Also, because the characteristic time for
CO>-N3 V-V transfer ison the order of 100 ns[50], N2 dilutes CO, LIF signal as described
by Equation 2.26. Figure 3.2 showstheimpact of these effects on the fluorescence quantum
yield. Most dramatically, at low CO2 mole fraction, V-V transfer quickly removes energy
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Figure 3.2: Predicted CO» fluorescence quantum yield ¢ for linear excitation and 1 s
exposure. Nominal gas mixtureis 15% H>0, 15% CO», balance N2, 1000 K. Curves show
effect as mole fraction of CO2 or H2O is changed.

from CO, and stores it in N2. In the limit as CO, mole fraction approaches zero, this pro-
cess becomes dominant and the fluorescence quantum yield approaches A/ kyy, which for
CO2-N2 collisionsis quitelow. From thisresult, it is clear that a uniform CO-, fluorescence
guantum yield can not be readily achieved in combustion environments.

The variationsin ¢)in caused by N2 and H>O mole fraction variations are compounded
by the thermal dependence of the absorption cross-section of CO» (Figure 3.3). In thisfig-
ureit is clear that the absorption cross-section decays rapidly as the temperature increases
for al but the very-high-energy levels. Asistypical for triatomics, CO»’svibrational parti-
tion function increases much more rapidly than that of a diatomic such as CO.

Taken together, collider-dependent fluorescence quantumyield and temperature-dependent
absorption cross-section make nanosecond-pulse excitation of CO> in the linear regime
only suitable for qualitative visualization. While these results limit the potential utility of
linear IR PLIF imaging techniques for CO,, they motivate |aser-saturated techniques [48],
which have the potential to greatly simplify interpretation of CO» IR PLIF images. Laser-
saturated techniques are discussed in Section 3.3.
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Figure 3.3: CO» absorption cross section (normalized to R(30) line at 300 K) as afunction
of pumped line and temperature (for R transitions). Legend indicates the lower vibrational
level (00°0 or 0110) and rotational state. Spectrally narrow laser excitation is assumed.

3.2.5 Imaging Results—Linear Excitation

Excitation at 2.0 «m has been employed using the OPO system to visualize CO2 in a
room-temperature mixing process (Figure 3.4). Inthisfigure, aforced 6-mm jet flow sim-
ilar to that of Figure 2.13 was used to generate vortex rings of jet fluid (40%CO2/60%Ar)
which interact and cause the jet fluid to mix with the ambient air. Signal isindicative of the
presence of CO,.Typical maximum SNR in these images is 120, from which a minimum
detectable mole fraction of 3300 ppm may beinferred. Excitation at 2.0 um generates high
signal levelsin room-temperature flows without high water levels.

3.3 Saturated Excitation Schemes

This section will describe how saturated excitation simplifies interpretation of PLIF
signals, provide a simple model for the saturated PLIF signal dependence, and support the
validity of thismodel with a detailed rate equation analysis. Recall from Chapter 2 that, in
the linear excitation regime, the fluorescence equation can be written as

Sf,lin:Np,inc Nabso £ Plin 7c - (3.1)
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Figure 3.4: Single-shot IR PLIF images of vortex rings developing from a 6 mm tube. Jet
fluid is 40%CO2/60%Ar. Ambient gasisar. 8 mJat 2.0 um is used to excite the CO».
Integration time is 20 us. Images are collected at 10 Hz and the flow is phase-locked to
allow atime series to be generated.



CHAPTER 3. IR PLIF OF CARBON DIOXIDE 42

Successful linear PLIF techniques require that ¢)in be nearly independent of the bath gas
species so that § can be directly related to a meaningful flow quantity (e.g., Nas Or x)
via Equation 3.1. Thisis easily achieved for some species (e.g., CO[32]; see Chapter 2).
However, as was shown in Section 3.2, ¢in for CO, varies significantly as a function of
N> and H>O mole fraction in the bath gas. Thus linear IR PLIF is difficult to quantify in
combustion environments,

Saturated excitation is applied in this section to smplify signal interpretation for IR
PLIF of CO,. By saturating the laser transition with a high-pulse-energy laser, the upper
and lower level populations are driven to be equal (neglecting small differences in state
degeneracies) and are thus nearly constant throughout the pulse. This leads to different
modeling techniques and simpler relations between CO, mole fraction and fluorescence
signal.

For saturated fluorescence, it is more convenient to use a fluorescence yield v« which
isdefined asthe number of emitted photons normalized by the number of absorbing molecules
NabsV in theirradiated volume:

Ve = 2/0’ AN A dt. (32)
i

n absV

Notethat v« isan overal fluorescenceyield, defined as fluorescence photons per molecule
of the interrogated species, in contrast to ¢jin, Which is a fluorescence quantum yield,
defined as fluorescence photons per absorbed photon. With this definition for y«, the
fluorescence equation takes a simple form:

St = Yt NabsV 1c. (3.3)

Since, for isobaric flows, we are most often interested in mole fractions rather than con-
centration, we can use the definition of mole fraction (xaps = Naps/N) and theideal gaslaw
(P = nkgT) to rearrange this equation and show fluorescence signal as a function of the

mole fraction:

S Vsat PV
,sat = T Xabs Ke
Since V and 1 are easily calibrated experimentally, ¥/ T is the only parameter (in

Ne . (3.9)
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isobaric flows) that need be calculated to quantify the CO, mole fraction from the PLIF
signal. Inthefollowing sectionswewill show that s/ T can show much less sensitivity to
bath gas constituentsthan the fluorescence quantumyield and less sensitivity to temperature
than the absorption cross-section.

A TEA (transversely excited atmospheric) CO, laser is used as an IR PLIF source to
saturate the P(20) transition of the 00°1 < 10°0; band of CO for IR PLIF imaging. The
energy transfer processesrelevant to 10.6 um excitation are shownin Figure 3.5. Laser ex-
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Figure 3.5: Vibrational manifold showing energy transfer processes for CO, during and
after laser excitation at 10.6 ;zm on the P(20) line of the 00°1 <« 10°0; transition. Notation
to right of each state follows the convention of Ref. [47], notation to left of each state fol-
lows the convention of Ref. [51]. kiner COrresponds to the characteristic rate of intermodal
energy transfer processes which equilibrate vz with the other modes; Kjnra Corresponds to
the characteristic rate of intramodal energy transfer processes which equilibrate v1 and v,
alone. kret isthe rate at which the lower and upper rotational states of the laser transition
equilibrate with the rotational bath.

citation depletesthe j = 20 rotational state of the 10°0; vibrational level and populates the
j = 19 rotational state of the 00°1 vibrational level. Rotational state changes within vibra-
tional levels are fast, so the lower state of the laser transition is quickly repopulated while
the upper state of the laser transition is quickly depopulated. In addition to this mechanism,
vibrational energy transfer between the vibrational levels near 1300 cm~1(10°0;, 10°0;;,



CHAPTER 3. IR PLIF OF CARBON DIOXIDE 44

0220) israpid, so the lower vibrational level isalso repopulated through VET. Slower inter-
modal VET processes repopul ate the system after laser excitation but are slow as compared
to the laser excitation process.

While afull description of state-to-state energy transfer including RET and VET can be
used for precise calculations of g, an investigation of the characteristic rates of energy
transfer for this system showsthat thissystem is approximately described by asimple three-
temperature model. The structure of the CO, vibrational manifold and characteristic rates
of vibrational energy transfer processeswill be discussed in the following sections and will
motivate a three-temperature model that describes the temperature dependence of IR PLIF
signal.

3.3.1 CQO, Vibrational Manifold: Saturated Excitation

The vibrations of CO5 are coupled and anharmonic, exhibit Fermi-resonance (between
v1 and 2vy), and are in some cases degenerate (v2). Thus the vibrational wavefunctions
are not accurately described using harmonic oscillator wavefunctions, and vibrational level
notation must distinguish between Fermi-resonant levels and levels with different angu-
lar momentum (see Appendix C and Ref. [47]). Despite their spectroscopic importance,
though, these details may be ignored for calculations of energy transfer among the lower
vibrational levels, since they do not significantly affect state populations or transfer rates.
Detailed calculations later in the chapter will confirm that a harmonic oscillator analysisis
accurate for calculation of fluorescence yield.

For the purposes of evaluating laser-perturbed state distributions and the fluorescence
yield {s, we assume that the vibrational energy levels of CO, are described by four in-
dependent and harmonic vibrational modes (nondegenerate v, and v, doubly degenerate
v2). For each vibrational mode, we define a characteristic temperature ® such that the
product of the Boltzmann constant kg and the characteristic temperature is equal to the
vibrational energy spacing [36]. For CO2, ®1 = 2000 K, ®2 = 960 K, and ®3 = 3380 K.
Because each mode is treated as harmonic, the quantum number of each vibrational level
IS an approximate measure of how many quanta of vibrational energy the vibrational level
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possesses in each vibrational mode. Furthermore, since each mode is treated as being in-
dependent, it can be considered to have its own energy distribution which is unaffected by
the distribution of the energy of other modes. For example, the distribution of v3 quanta
among the CO, moleculesis treated as independent of the distribution of v1 or v, quanta
and, if Boltzmann, can be described with a vibrational temperature Ts.

3.3.2 Characteristic Rates

The three-temperature model discussed in the upcoming section is motivated by the
relative magnitudes of the characteristic rates of (1) laser pumping, (2) equilibration of the
rotational state distribution with the tranglational temperature, (3) intramodal equilibration
of individual modes, (4) equilibration of v1 with v, and (5) intermodal equilibration be-
tween the v3 mode and the other modes. These characteristic rates are plotted in Figure 3.6
as afunction of temperature for CO».
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Figure 3.6: Important energy transfer rates as a function of temperature for CO». Kjaser IS

calculated assuming dE /dt = 2.5 x 108 J's, sheet dimensions 500 wmx4 cm. For theline
shape convolution integral, the laser was modeled as a 300 MHz Gaussian.
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The characteristic rate of laser pumping, Kiasr, IS given by:
Kigser =o'l /hv, (3.5)

where | istheirradiance [W/cm?] and hv isthe photon energy [J]. Kiaser iSthe characteristic
rate at which CO, moleculesin the 10°0; level are pumped to the 00°1 level.

The characteristic rate of RET, krer, is defined as the rate of equilibration of the lower
state of the laser transition with the bath of rotational statesin the lower vibrational level:

o0
krer = ) ki j = 2mCug . (3.6)
j=1
| #i
Herethe summed RET rateis proportional to the HWHM collisional broadening coefficient
of the pumped line v, [cm™1] times the speed of light ¢ [crm/g]. ki j istherate of transfer
between rotational statesi and j:

ki—)' .
COu(v,i)+M — COx(v, j) + M. (3.7)

Elastic dephasing and R-R (rotation-rotation) interactions have been ignored in Equation 3.6
since elastic dephasing is a negligible contribution to broadening and R-R considerations
are not required to satisfactorily describe RET in CO, [52-54].

Characteristic rates of inter- and intramodal energy transfer are defined using prototypi-
cal energy transfer reactionsfor CO,. Because v, and v, behave to agood approximation as
a single mode, we group near-resonant energy transfer between vq and vo with intramodal
processes for purposes of this discussion. The transfer between the 10°0;, 10°0;;, and 0220
levelsis the most important intramodal process for the 10.6 «m pumping scheme, and the
rate of the CO»(0220) + M <> C0,10°0; + M reaction is taken as kinia, Characteristic of
intramodal equilibration for display in Figure 3.6. Intermodal equilibration between the vs
mode and other modes occurs primarily through CO200°1+M <> C0,11°0, +M and sim-
ilar reactions, all of which are much less efficient [50, 55]. This sum of intermodal energy
transfer rates (Kinter) is plotted in Figure 3.6 as representative of intermodal equilibration.
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3.3.3 Three-Temperature Model

Because of therelative magnitudes of the rates shown in Figure 3.6, the most convenient
interpretation of the laser-induced state distributions is a three-temperature model which
employs the harmonic oscillator approximation. This model will lead to arelation for the
fluorescence yield vs4 as afunction of temperature.

The magnitudes of the rates shown in Figure 3.6 imply that the five temperatures (Ty,
Trot, T1, T2, T3) are al well-defined and collapse to three independent temperatures which
define the nonequilibrium (laser-perturbed) vibrational distribution. RET isvery fast, sothe
rotational distribution in each vibrational level is Boltzmann with a well-defined rotational
temperature equal to the trandational temperature. Thus, even though the laser pumps only
the j = 20 state directly, all rotational states in the 10°0; vibrational level are available
for excitation since RET couples them to the lower states of the laser transition. Rapid
intramodal relaxation implies that each vibrational mode has an individual Boltzmann dis-
tribution and therefore a well-defined temperature. Furthermore, energy transfer between
the v1 mode and the v, modeisfast (and T1=T>) due to the accidental degeneracy between
v1 and 2v,. From these observations, we can conclude that Tir, Trot, T1, T2, and T3 are all
well defined; furthermore Ty, =T, and T1=T». Accordingly, only three independent param-
eters (Ty, T1, T3) are required to describe the laser-generated nonequilibrium rovibrational
distribution in the CO» molecules.

In addition to being a compact descriptor of the vibrational level population distribu-
tion, the vibrational temperatureis conveniently related to the infrared emission rates owing
to the dependence of emission rates on vibrational level. Consequently, vibrational tem-
peratures, in addition to being well-defined, are the most compact and useful parameters
for describing PLIF signal levels. For each vibrational mode, the emission rate of photons
at the fundamental energy kg ® can be related in a straightforward manner to that mode's
vibrational temperature T yip. First, we notethat the Einstein A coefficientsfor fundamental
emission from level v to level v — 1 inaharmonic oscillator are proportional to v:

Ayt = VA, (3.8)

Where A = Aj_,q isthe rate of emissionfromv = 1to v = 0 (A ~ 420 s~ for the v3
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mode of CO»). For simplicity, we assume that emission rates are independent of rotational
state. Then the ensemble-averaged emission rate corresponding to fundamental (Av=1)
transitions is given as a sum of the emission rates for each vibrational level, weighted by
each level’s population fraction N, /N:

N N
Aavgzzﬁ"Av%_lzzﬁva. (3.9)

v v

The vibrational energy per molecule e of a harmonic oscillator vibrational level is also
proportional to the quantum number v:

e=kgv0®, (3.10)

and similarly the ensemble-averaged energy per molecule eyjp in a harmonic oscillator
mode is given by a population-fraction-weighted sum of vibrational level energies.

N,
evib = Z N Keve. (3.11)
Since Equations 3.9 and 3.11 have the same functional form, the ensemble-averaged emis-
sion rate per molecule corresponding to single-quantum emission can be shown to be pro-
portional to the energy in that vibrational mode:
&vib

Agg = A—. 3.12
g = A (312)

Equation 3.12 thus relates the fundamental emission from avibrational mode to the energy
contained within that mode.

Given Equation 3.12, the emission rate can be related directly to temperature. The
energy of a nondegenerate harmonic oscillator mode can be written as a function of the
mode’'s vibrational temperature [36]:

B ks ©
Cexp(®/Tyip) —1°

€vib (3.13)

From Equations 3.12 and 3.13, the average fundamental emission rate per molecule for a
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vibrational mode can be described as a simple function of the vibrational temperature T yip:

A ! .
exp(®/Tyip) — 1

Aag = (3.14)

Equation 3.14 can be used to describe the fluorescence yield v« in terms of the laser-
induced change in the v3 temperature T3. Before laser pumping, the system is at equilib-
rium at temperature T, and the trandlational, rotational, and vibrational temperatures are
equal: Ty = T1 = T3 = T. During laser pumping (for which we denote temperatures
with an asterisk), the system is driven into a nonequilibrium distribution. Each absorbed
10.6 «m photon removes one molecule from the 10°0; level (which has one v1 quantum
of symmetric stretch energy) and places it in the 00°1 level (which has one v quantum of
antisymmetric stretch energy). Consequently the laser excitation causesthe v; modeto lose
energy and the vz mode to gain energy, and during laser excitation T < Ty < T3 The
effect of the laser isto generate anonequilibrium T3 with an attendant increase in emission
at 4.3 um.

If the laser-perturbed v3 temperature T is assumed constant throughout the pulse, the
fluorescence yield s can be written simply as the difference between | aser-perturbed and
ambient emission rates multiplied by the exposuretime z:

Vsat = (Aavg,T; - Aavg,T) T (3.15)

Hence the fluorescence yield is given by

Vst = At { 1 — 1 ] : (3.16)
exp(@3/T3) —1  exp(®3/T) -1

Note that the term in brackets is the increase in vz mode energy per molecule caused by

laser pumping, normalized by the vibrationa energy spacing kg ®s3.

Sincethe pulse energy ishigh and Kjaser > Kinter, SMpleresultsfor the laser-perturbed v3
temperature T;* can be obtained by ignoring V-T and intermodal V-V transfer and assuming
that the excitation fully saturatesthe transition. In this case, the laser drivesthe populations
in the 10°0; and 00°1 levels to be equal. Assuming harmonic oscillators, the vibrational
population fractions f of the 1090, and 00°1 levels are simple functions of the vibrational
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temperatures and the total vibrational partition function Q.ip [36]:

exp(—01/T)

f1100 = Qv , (3.17)
exp(—B3/T3)
foooy = = . (3.18)

Since the populationsin the 11°0; and 00°1 states are equal during strong laser excitation,
from Equations 3.17 and 3.18 we infer that, under conditions of laser-induced saturation,
©3/T5 = ©1/T;. With thisrelation, a straightforward analysis leads to arelation for T
asafunctionof T.

Recall that, before laser excitation, the system isat equilibrium at temperature T, hence
T=Ty=T1=T3. Tyt and T> need not be specified since T,o:=Ty and To=T1. During laser
excitation, the system is nonequilibrium, so the distribution must be described by three
temperatures (T, T;", T5'). From conservation of vibrational energy we have:

Np,abs

€lip = &vib + kg(®3 — ©1), (3.19)
which states that the difference between the vibrationa energies during (€f;,,) and before
(evib) laser pumping is equal to the number of photons absorbed per molecule(Np ans/N)
times the photon energy (ks (®3 — ®1)). The number of absorbed photonsis given by the
difference between the v3 mode energy during and before the laser pulse:

Np,absk Oa — kg ©3 . kg ©3
N 0 °7 exp(@3/T)) —1 exp(@3/T)—1

(3.20)

The vibrational energies for CO, may be written as follows (note that v, is doubly degen-
erate):

kg ©® 2k ® ke ®
&b = it B2 o B3 (3.21)
exp(@1/T1) —1  exp(@2/Tz2) —1  exp(®3/T3) —1
kg ® kg ® ke ®
& = P 4 CAC RN BY3 (3.22)

exp(@1/T) —1  exp(@2/T))—1 exp@3/T) —1

Equations 3.20, 3.21 and 3.22 may then be substituted into Equation 3.19. Using both
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T =T, and TS /O3 = T/ O1, we obtain:

01 + 207 + ®1 —
&1/ -1 T &p2/ 11 T &p(es/ -1 (329)
B1 + 20> + B1 :
exp(O3/T3)—1 " exp(@302/01T3)—-1 " exp(@3/T3)-1 °

Equation 3.23 can be solved for T asafunction of T, and Equation 3.16 can then be used
to predict the fluorescence yield.

The results for T;* and /s as a function of temperature are shown in Figure 3.7. Both
propertiesincrease with temperature. These results are independent of bath gas constituents
and have temperature dependence that, while significant since the transition occurs be-
tween excited states, is easily calculated a priori. Saturation of the absorption transition
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Figure 3.7: Predictions of the three-temperature model for the laser-pumped v3 mode tem-
perature (T3, [K]) and the fluorescence yield (s, [photons per million CO, molecules])
asafunction of initial temperature .

minimizes |laser intensity dependence, since stimulated emission competes with stimulated
absorption. Collecting laser-prompt fluorescence (i.e., collecting fluorescence only during
the laser pulse) minimizes vibrational energy transfer rate dependence, since the upper vi-
brational level population during the exposureis controlled by the saturated excitation, and
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vibrational level dynamics play only a second-order role. Thus v« is essentialy unaf-
fected by the efficiency of VET mechanisms that deplete the upper vibrational level. This
independence with regard to VET rates is in contrast to ¢)in, which can be inversely pro-
portional to excited state deexcitation rates (see Chapter 2), and makes saturated excitation
an attractive means of simplifying PLIF signal interpretation.

Detailed VET modeling confirms the quantitative accuracy of the three-temperature
model and its simplifying effect on the interpretation of PLIF signal. The detailed VET
model discussed in Appendix C (approximately 80 vibrational levels and 14,000 energy
transfer processes) has been used with pump laser source terms to integrate excited state
lifetimes over the camera exposure time and generate predictions for {4 as a function of
flow parameters. Resultsfor pure CO, are shownin Figure 3.8, which compares predictions
from the simple three-temperature model to results of two detailed calculations. These

2
c
S
o 20—
S
= 10 — —— 3-T model
= —-- detailed model: infinite fluence
— - — detailed model: experimental fluence
0

[ [ [ [
500 1000 1500 2000
Temperature (K)

Figure 3.8: Comparison of LIF signal levels at constant CO, mole fraction as predicted by
the three temperature model and a detailed rate equation model. For the detailed model,
results are shown for both finite (corresponding to typical PLIF experiments) and infinite
fluences.

detailed calculations for this case were performed with and without anharmonicity in the
CO, vibrational manifold with negligible effect and show that the three-temperature model
successfully matches fluorescence signal predicted by a detailed VET model. Hence the
approximations of the three-temperature model (vibrational modes which are independent
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and harmonic, T1=Ty, Ty=T;ot) are deemed accurate.

In addition to confirming the validity of the three-temperature model, the detailed rate
equation model predicts the variation of IR PLIF signal with laser power or changesin the
collisional bath. The IR PLIF signal generated by the laser fluences used experimentally are
amost completely saturated—experimental signal levels are within 15% of those expected
for completely saturated (infinite fluence) excitation. Changesin laser intensity, CO, mole
fraction, or H,O mole fraction that change signal levels by one or two orders of magnitude
inthelinear limit [32] do not strongly affect signal (typically within +=15%) in the saturated
limit. Evidence of thisispresented in Figure 3.9, which showshow ¢/ T changesas CO,
and H2O concentrations are varied. These CO, and H2O variationslead to changesin VET
rates over two orders of magnitude. Thus saturated excitation techniques may confidently
be applied to flows with large variations in CO», N>, or H>O levels which would render
uninterpretable the LIF signal resulting from linear excitation.

3.3.4 Experimental Setup and Techniques: Saturated Excitation

The basic experimental setup shown in Figure 3.10 is used to demonstrate the utility
of TEA CO, laser excitation and confirm the validity of the previous analyses. The CO»
laser! generates pulsesat 10.6 wm with energy up to 5 J. These pulses correspond primarily
to the P(20) transition of the 00°1 — 10°0, emission band at 944.194 cm~1, with small
contributions (10%) from the P(18) and P(22) transitions at 945.980 and 942.383 cm~1
respectively.

For imaging experiments, the CO» laser output was expanded and formed into a sheet
using aluminum-coated or BaF, optics. Sheet thicknesswas 570 um at the focal point with
an effective Rayleigh range of 3 cm. Local laser fluence throughout the images varied by
afactor of two due to laser spatia profile nonuniformity and sheet focusing. Spatial reso-
[ution perpendicular to the laser sheet is estimated to be 1200 «m due in part to saturation
effects (which give the spatial distribution of LIF signal a larger FWHM than the beam
waist FWHM). For the 11 cmx 11 cm images here, in-plane resolution is limited by optical
aberrations and pixel crosstalk and is estimated to be 1400 p.m.

1| asertechnics Blazer 2000
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Figure 3.9: IR PLIF signal normalized by CO, mole fraction for saturated excitation of
COs,. Effects of CO, and H,O molefraction. (a) effect of CO». (b) effect of H»O.
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Figure 3.10: Experimental setup for saturated IR LIF PLIF measurements.

Fluorescence was imaged through 4.1-4.5 um interference filters onto one or two
256x 256 InSb cameras® with quantum efficiency of 0.85, variable exposure time (mini-
mum 300 ns), and 14-bit dynamic range. Only one camera is required to generate the IR
PLIF image; however, in flows with luminous backgrounds, a second camerais triggered
before the laser pulse and used to record and subsequently reject flow luminosity that is
present in the absence of laser excitation. Details of dual-image techniques have been de-
scribed previoudly [9, 26]. Since IR PLIF signal in the saturated limit is proportional to the
sheet thickness, IR PLIF images of the flowfield are also normalized by averaged reference
images of a uniform-concentration, isothermal flowfield. This normalization eliminates
spatial signal variations caused by changes in sheet thickness.

3.3.5 Imaging Results—Saturated Excitation

Saturated IR PLIF imaging of CO; is presented in this section for two demonstration
flows, which show the ability of saturated IR PLIF of CO» to visualize both low- and high-
temperature flows. Following this, visualization of a laminar diffusion flame with known
solution is used to address the quantitative accuracy of saturated IR PLIF measurements.

2Santa Barbara Focal plane SBF 134
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Demonstration Flows

PLIF images are presented for two simple test cases. As alow-temperature demonstra-
tion, a 425 K, unsteady, transverse CO> jet (d = 7 mm) in an air crossflow was imaged
using a two-camera technique; background luminosity is quite minor (S/B = 20) for
this flow but was nonetheless removed with the second camera. Exposure times of 2 us
were used. The background image was triggered 4 us before the PLIF image, giving an
overall temporal resolution of 6 us. A sample result is shown in Figure 3.11. Signal

Max Signal
CO, jet
425 K

fdin PLIF Sagnal

Tttt

Air

Figure 3.11: CO; IR PLIF imaging of an unsteady transverse 425 K CO, jet in an air
coflow.

is proportional to CO, concentration, with minor variations caused by variations in flu-
orescence yield. For this flow, which features large gradients, the effect of fluorescence
yield variations on the apparent structure of the flow is minor. Peak SNR for these single-
shot images is typically 50, and the minimum detectable concentration at 425 K, 1 atm is
2.7x 10 molecules/cm? (1000 ppm mole fraction). Signal in these imagesis proportional
to the CO, molefraction and ¥/ T.

In addition to visualization of |ow-temperature mixing processes such as shown in Fig-
ure 3.11, IR PLIF imaging using a CO» laser is capable of visualizing high-temperature
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flows. CO2 was imaged in a flame fueled primarily by a 50%CO/50%Ar mixture (2%
H, added for stability). A single-camera technique was used in this case, since the flow
was steady and images at camera framing rates (in this case 20 Hz) could be reliably sub-
tracted. The camera was exposed for the first 1 us of the laser pulse. Results are shown
in Figure 3.12. Peak SNR for single-shot images is typicaly ~6, and the minimum

ombustio
products

imaged region
(11 x11 cK)

laser sheet

co, co,
(single-shot) -frame avg)

Wad PLIF Sigrnal

(3J @ 10.6)
fuel
50% CO/Ar
Wlth Hz Mis FLF Bignal
(a) flame schematic (b) imaging results

Figure 3.12: CO7 IR PLIF imaging in a CO/H> flame.

detectable concentration at flame conditions is 1.4x 10" molecules/cm® (2% CO, mole
fraction). Again, signa levelsin these images are proportional to the CO2 mole fraction
and ysz/ T. Note that, while ¥/ T varies significantly in Figure 3.11, for nascent CO»
at flame temperatures v/ T is nearly constant, making the fluorescence in Figure 3.12
nearly proportional to the CO, mole fraction.

Lifted Laminar CH 4-N» Coflow Diffusion Flame

A laminar coflow diffusion flame (fuel:65%CH4/35%N>, 4 mm dia., 35 cm/s; coflow:
air, 50 mm dia., 35 cm/s) was chosen as a demonstration flame to facilitate quantitative
comparison between IR PLIF measurements and accepted results. Thislifted, non-sooting
flame facilitates computation by eliminating surface quenching and solid-phase chemistry,
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and facilitates laser measurements by eliminating blackbody radiation and reducing the im-
pact of laser scatter off burner surfaces and soot particles. Furthermore, since the flameis
steady, Raman measurementswhich in general generatelow signal levelscan be extensively
averaged and line measurements can be overlayed into images. Because of these factors,
thisflame has been studied computationally and experimentally by researchersat Yale Uni-
versity (principal investigators M.B. Long and M.D. Smooke) and the major species and
temperature are well known. Because of this, thisflame and the results from Ref. [56] were
chosen as a benchmark against which IR PLIF measurements can be compared.

For the purpose of justifying the use of these data as a benchmark, images of compu-
tational and experimental results from Ref. [56] for temperature and major species mole
fractions in this flame are shown in Figure 3.13. The computational results are gener-
ated using standard CFD techniques along with either a simplified kinetic mechanism or
GRI-Mech 2.11. Experimental results are generated using 1-D measurements of Rayleigh
and Raman scattering that are averaged and overlayed to form images. 170 measurements
are overlayed, each an average of 5000 shots. Some limitations of these results may be
noted, particularly some minor differencesin lift-off height and flame width and somewhat
poor agreement for CO and H,. However, the generally good match between these data
sets creates high confidence in their accuracy and makes these values a suitable benchmark
against which IR PLIF measurements may be quantitatively compared. Furthermore, these
data can be used in conjunction with the vibrational energy transfer modeling discussed
in Appendix C to predict the CO» fluorescence yield throughout the image and therefore
predict the signal levels expected from a CO, saturated IR PLIF image. In doing so, the
accuracy of the fluorescence quantum yield modeling can be evaluated aswell asthe ability
of the IR PLIF technigue to visualize COs,.

To predict the spatial dependence of fluorescence yield, fluorescence yield was calcu-
lated for avariety of species concentrations and temperatures, and results were interpolated
as needed to estimate fluorescence yield throughout the image region. Since the compu-
tational results are essentially noiseless, they were selected over the Raman measurements
for this purpose. Predicted fluorescence quantum yield is shown in Figure 3.14. Thisfig-
ure shows that temperature variations have the most significant effect on the fluorescence
quantum yield; however; for the majority of the CO»-containing region of this flame the
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co2 0.095 0.156
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0.057 0.094
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0.019 0.031
0.010 0.016
0.000 0.000
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Figure 3.13: Lifted CH4-N2 laminar diffusion flame in air coflow. Temperature [K] and
major species mole fractions. For each parameter, Raman images are shown at left and
computational datais shown to right. Raman images are generated by averaging and over-
laying 850,000 laser shots, corresponding (for a 10 Hz laser) to an approximately 24 hour
measurement time. Data from Ref. [56] courtesy of M.B. Long and M.D. Smooke.
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Figure 3.14: Predictions for CO» fluorescence yield using the computational data from
Figure 3.13 and the fluorescence yield calculations from Appendix C.

fluorescence quantum yield is nearly uniform.

IR PLIF of CO, was performed on this flame so the results could be compared to the
computational and Raman experiments of Ref. [56]. Results are shown in Figure 3.15
and 3.16. Inthiscase, CO, isimaged with SNR=6. A 36-frame average is also presented
to facilitate comparison between measured and expected values. As seen in the figure, IR
PLIF is able to visualize nascent CO, on a single-shot basis with quantitative accuracy
comparable to the noise levels. To our knowledge IR PLIF is the only measurement tech-
nique with this capability; while the Raman measurements of Ref. [56] are well-suited for
guantitative measurements if extensive averaging on a steady flame is acceptable, IR PLIF
has the potential to enable straightforward, single-shot visualization of CO» in steady and
unsteady combustion flows.

3.3.6 Temperature-Independent Excitation Scheme

As is seen in Figure 3.8 indicated earlier, the CO, laser excitation scheme leads to
fluorescence signal with significant temperature dependence below 1000 K. While this ef-
fect is moderate for images of nascent CO» in combustion flows (1500-2300 K), mixing
processes with varying temperature and cold CO, regions motivate design of excitation
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Figure 3.15: Comparison between IR PLIF, Raman, and computed images of CO, mole
fractionin alifted laminar diffusion flame. IR PLIF images are composites of three images.
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Figure 3.16: Comparison between IR PLIF, Raman, and computed data for CO, mole
fraction in alifted laminar diffusion flame. Centerline cut from imagesin Figure 3.15.
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schemes temperature-independent PLIF signal levels. Thismay be achieved by combining
OPO pumping of the 20°1;, <« 00°0 transition at 2.0 xm with the CO, laser pumping
of the 00°1 « 10°Q; transition at 10.6 um, as is shown in Figure 3.17. Experimental

6000 CO, vibrational manifold camera integration
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oPo OPO
4000 e(xzc_ga"mc’)” pulse

Energy (cm)

(L=
CO, laser
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Figure 3.17: Combined OPO-CO laser excitation scheme. (a): excitation steps shown on
an energy level diagram. (b): excitation steps shown on atiming diagram.

realization of the 2.0 um pumping scheme is discussed in [32]. The OPO excitation pulse
(approximately simultaneous with the start of the CO» laser pulse but only 6 nsin length)
effectively increases T;; fast coupling of the 20°1;; and 10°0 states viaintramodal energy
transfer then leads to an increase in signal. Detailed calculations indicate that experimen-
tally convenient fluences can be chosen such that /T isroughly constant with tempera-
ture over the range 3002200 K. We confirmed this by measuring single-point LIF signals
at constant mole fraction (which are proportional to 1/ T) as a function of temperature
and comparing them to the results of the detailed calculation (Figure 3.18). Temperatures
up to 900 K were explored. The laser was focused to a 500 xm waist using a 150 mm
ZnSe spherical lens and LIF was measured in the potential core of a heated 10%COo/Ar
jet. Ascan be seen in Figure 3.18, the experimental data match the predictions well. The
effect of the OPO excitation step is clear at low temperatures, for which the Boltzmann
fraction of the pumped rovibronic state is large and the 2.0 um laser pumping is efficient.
At higher temperatures, the effect of the OPO step decreases as the Boltzmann fraction
of the pumped rovibronic state decreases; the signal is then dominated by the CO» laser
pumping. Uniform response with temperature over the wide range shown in Figure 3.18 is
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Figure 3.18: LIF signal at constant CO, mole fraction as a function of temperature for
two excitation schemes. Comparison of calculations with measured results. CO» laser
excitation is employed in the saturated regime. OPO excitation uses fluence of 20 mJcm?
on the R(30) line of the 20°1;, < 00°0 transition. CO- laser fluence of 10 Jcm? is used,
although excitation is insensitive to this value. Experimental results are relative, and a
single normalization parameter is used to match both experimental sets to the calculation.

not achievable using linear excitation (see Section 3.2 or Ref. [32]).

3.4 Conclusions: IR PLIF of CO,

In this chapter we have presented new IR PLIF imaging techniques for CO, which use
OPO (2.0 um) or CO» laser (10.6 um) excitation. For COo, 2.0 um excitation (followed by
collection at 4.3 um) is the best option for linear fluorescence measurements, as it avoids
laser attenuation from H>O and CO, (which is observed at 2.7 nm) and nonlinear absorp-
tion (whichispredicted for typical experimental fluencesat 2.7 um, 9.6 um, and 10.6 um).
Preliminary results have been presented with 2.0 xm excitation for a 300 K mixing flow;
however, the quantitative accuracy of CO, images following linear excitation is limited
by CO,’s rapidly-varying partition function and effects of spatially-varying H2O and N2
mole fractions on fluorescence quantum yield. The complexity of image interpretation for
CO, using linear excitation motivates consideration of high-pulse-energy excitation and
saturated fluorescence [48].
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To ssimplify CO2 IR PLIF image interpretation and increase signal levels at flame con-
ditions, saturated IR PLIF imaging techniques for CO» have been presented which use a
high-pulse-energy TEA CO; laser. An examination of energy transfer rates has shown that
all rotational states of several vibrational levels (10°0;, 10°0;;, and 0220) are pumped in-
directly by the TEA laser, sinceits 2 us pulse length is long enough to allow substantial
RET and VET to occur during the laser pulse. This energy redistribution along with fast
intramodal transfer justifies the use of asimple three-temperature model for analyzing state
distributions. When combined with short exposure times provided by our infrared cam-
eras, the long, high-energy pulse makes the fluorescence signal easily interpretable in the
context of the three-temperature model. Imaging results from a 425 K unsteady transverse
CO2 jet and a laminar coflowing CO/H, diffusion flame have been presented, with mini-
mum detectable concentrations of 2.7x 1017 and 1.4x 101" molecules/cm? respectively. IR
PLIFimagesof abenchmark lifted, CH4/N2-fueled laminar coflow diffusion flame compare
well with previous computational and Raman scattering results, and highlight the ability of
simple, inexpensive CO, lasers to generate high IR PLIF signals suitable for single-shot,
high-SNR imaging in avariety of flows.

IR PLIF schemes based on TEA laser excitation alone generate signal that increases
with temperature. Calculations over the 300-2200 K range have been confirmed by single-
point L1F measurements over the 300-900 K range and show that the addition of an OPO
excitation step at 2.0 m which pumps the 20°1;; < 00°0 transition may be implemented
to generate a fluorescence yield that is nearly independent of temperature over the 300-
2200 K range.



Chapter 4

Indirect Excitation Schemes

4.1 Introduction

Recent developmentsin infrared modifications of PLIF imaging techniques, using both
linear [25, 26] and saturated [48] excitation (Chapters 2 and 3), have provided new diag-
nostic tools for imaging CO and CO» in flows of interest to the combustion community.
As part of this development, several unique properties of vibrational PLIF measurements
have been noted which distinguish it from more traditional electronic PLIF measurements.
In particular, the vibrational energy from laser excitation is typically exchanged between
species (V-V transfer) more quickly than it equilibrateswith translational modes (V-T trans-
fer). Thisproperty enables IR PLIF excitation schemes that use alaser source to excite one
species (denoted the donor molecule) then collect fluorescence from a different species (de-
noted the acceptor molecule). These schemes, denoted here asindirect excitation schemes,
require that the donor and acceptor be in near-resonance, but offer different benefits than
direct excitation and open up new diagnostic possibilities. While the physics behind the
dominance of resonant V-V processes over V-T processes has been well known for decades
by those studying vibrational energy dynamics, itsimplication for IR PLIF imaging diag-
nostics has not yet been explored.

The potential benefits of indirect excitation schemes are threefold: (1) PLIF schemes
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that require collisiona energy transfer can rigorously mark molecular mixing in under-
resolved imaging systems; (2) indirect excitation schemes give PLIF signal that is propor-
tional to the product of species concentrations, which gives the potential for imaging of
reaction rates; and (3) collisional energy transfer enables visualization of multiple species
with a single laser pulse, which can be used to image multiple species simultaneously or
to enable excitation of species with high-pul se-energy, fixed-wavelength laser sources that
do not overlap their absorption features. These issues are discussed in the following para-
graphs.

Molecular Mixing. Motivated by a desire to rigorously evaluate degree of molecu-
lar mixing despite spatially unresolved images, imaging techniques using near-resonant
exchange of electronic energy [57] or bath-gas dependent quenching [58, 59] have been
proposed. In each case, the generation of phosphorescence (for the former) or elimination
of fluorescence (for the latter) required collisions between two particular species and there-
fore rigorously established mixing on a molecular level, regardless of whether the highest
spatial frequency of the scalar field was resolved by the imaging system. In the context of
IR PLIF, using an imaging technique that employs near-resonant exchange of vibrational
energy to indirectly excite a second species establishes molecular mixing rigorousdly.

Reaction Rate Imaging. Since traditional PLIF parameters such as species mole frac-
tion or temperature do not always effectively address reaction issues [13], efforts are in
place to demonstrate imaging of reaction rate and other indicators [5]. Reaction rates are a
product of concentrations of two species (with additional temperature dependence); since
PLIF imaging using indirect excitation schemes gives results proportional to species con-
centration products, it holds the potential to facilitate reaction rate imaging.

Multispecies Imaging; Non-resonant laser excitation. Since V-V transfer enables ex-
citation of species without absorption features resonant with the laser frequency, multiple
species may be imaged with asingle laser independent of any spectral overlap between the
species. Nonresonant excitation enables these species to be imaged simultaneously, and
enables species to be imaged despite a lack of resonance with the laser. Since infrared
PLIF techniques at high temperatures are in many cases facilitated by high-pulse-energy
laser excitation in the saturated regime [48], fast VET allows other species, e.g., CO to be
indirectly excited by a CO, laser via exchange with CO».
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This chapter will introduce the theory of indirect excitation schemes and present pre-
liminary imaging results demonstrating the feasibility of IR PLIF imaging using indirect
laser/VET pumping. Features that differ from the direct excitation schemes in Chapters 2
and 3 will be highlighted.

4.2 Theory

A simplified energy diagram is shown in Figure 4.1, illustrating a typical IR PLIF ex-
citation scheme and the relevant energy transfer processes that affect PLIF signal. As
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Figure4.1: Simplified energy diagram of relevant energy transfer processesthat affect PLIF
signal following indirect excitation.

shown in the figure, infrared laser excitation of combination, difference, or overtone tran-
sitions perturbs the vibrational distribution of the pumped species and the nonequilibrium
fundamental emissionis collected using IR cameras. Vibrational energy transfer processes
control the magnitude and spectral distribution of the emission.

Aswasdiscussed in Chapter 2, V-V transfer tendsto be fast as compared to V-T transfer
due to the small energy gaps involved. Infrared (vibrational) PLIF techniques are thus
of note in that vibrational energy is exchanged between molecules more quickly than it
is converted to rotational and trandlational energy. This is analogous to the behavior of
certain ketones for spin-forbidden (phosphorescent) electronic transitions [57], but is in



CHAPTER 4. INDIRECT EXCITATION SCHEMES 68

marked contrast to typical electronic fluorescence schemesfor di- and triatomics for which
E-E transfer isrelatively inefficient [60].

In modifying the techniques of Chapters 2 and 3 for application using indirect schemes,
the fluorescence quantum yield ¢ or the fluorescence yield v need be modified, while other
parameters remain the same. The following sections will discuss the changesin ¢ and v
due to indirect excitation.

4.2.1 Linear Excitation Schemes

Recall that, for linear (weak) excitation, the fluorescence quantum yield is defined as
the number of emitted photons normalized by the number of absorbed photons:

Pind = Z/OT ANO A gt (4.1)
j

Np, abs

The fluorescence quantum yield of the indirectly excited species is denoted as ¢ing for
indirect schemes, and the excited states j and Einstein coefficients A;j are understood to
apply to the indirectly excited species. With these definitions, the fluorescence equation is
written as:

Sind = Npinc Nabso? Pind 7c- (4.2)

Note that nans iSthe number density of the absorbing specieswhile ¢ing is evaluated for the
fluorescing species. Because thisform separates the effects of laser energy, absorption, and
collection efficiency from the energy transfer processes, the only parameter which changes
between Equations 2.5 and 4.2 isthat ¢i, isreplaced with ¢ing.

To generate relations for ¢ing, the model four-level system from Chapter 2 may again
be used (Figure 2.8 is repeated here as Figure 4.2). In this case, however, the species are
denoted donor and acceptor, and fluorescence is collected from the acceptor molecules. In
the limit of fast V-T transfer or short exposure times, the acceptor molecules emit little or
no fluorescence and indirect excitation schemes are not useful. However, when the system
exchanges vibrational energy between molecules quickly, but loses vibrational energy to
thetranglational and rotational modes slowly, the V-V transfer isquickly equilibrated, while
the V-T transfer isfrozen. In this case, the equilibrium between levels 6 and 7 is described
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Figure 4.2: VET rates for model four-level system. Radiative transfer is a minor energy
transfer mechanism and is omitted from this figure.

by detailed balance:
N5N7/N = NgNg/N exp(—AE2/KT). (4.3)

The vibrational energy, which was initially added to the donor molecules via laser ex-
citation, is now shared between donor and acceptor species in proportion to their mole
fractions:

Ne/xp = N7/xa exp(—AE2/kgT), (4.4)

Here again it is assumed that the vibrational excitation is small, therefore Ns/N ~ xp and
Ng/N ~ xa, where xp is the mole fraction of the donor species D and xa is the mole
fraction of the acceptor gas species A. The fluorescence from the acceptor moleculeisthen
given by (cf. Equation 2.25):

XA Xp(—AEz/kgT)
XD + XA eXp(—AE2/kgT)

Piin = At (4.5)
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And for small AE», thissmplifiesto (cf. Equation 2.26):

XA

diin = At )
" XD + XA

(4.6)

Since the absorption is proportional to the absorber (donor) mole fraction and the fluo-
rescence yield is proportional to xa/(xp + xa), the fluorescence signal is proportional to

the product of mole fractions:
XDXA

XD+ XA
For CO-CO», schemes, Equation 4.7 predicts that signal levels will be proportional to

(4.7)

S & xcoxco,/(xco+ xco,)- When either xco, >> xco, S becomes proportional to
xco- Thisaccurately represents many hydrocarbon flames.

4.2.2 Saturated Excitation

The relations of the previous sections show that indirect excitation has the potential to
visualize multiple species; however, the challenges associated with linear PLIF of CO, are
genera for most species. Therefore, indirect excitation schemes in which the absorber is
saturated have the most potential for success in hot flows with high water mole fraction.
This feature motivates discussion of saturated indirect excitation schemes.

Aswasthe casefor linear excitation, the theory for saturated excitation must be adapted
to account for indirect schemes. This section will discuss an CO»-CO indirect excitation
scheme since it is compatible with CO» laser excitation. For saturated indirect excitation,
fluorescence yield ving is defined as the number of emitted photons normalized by the
number of absorbing molecules ngsV in the irradiated volume:

T AN (1)
Yind XJ: /0 Y, i Nc ( )
Where j and A; again refer to excited states and emission rates,, respectively, of the fluo-
rescing species.

Recall from Section 3.3.3 that the fluorescence yield for CO, upon saturated excitation
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1 1
Vsaco, = Aot [exp@s/T;) —1 ep(®s/T) - 1] | 49

this relation stems from the assumptions that the transition is saturated, and vibrational
temperatures are well-defined. If the CO is assumed to be in vibrational equilibrium with
the vz mode of COy, the fluorescence yield for CO upon saturated excitation of CO; is
given smply by:

1 1
Vindco = Acot [exp(@/T;) 1 =xp(©/T) = 1] . (4.10)
Where @ is the characteristic temperature of the CO vibrational mode. Since ® for CO
is nearly equal to ®3 for CO,, CO signal when excited indirectly by laser-saturated CO
molecules performs almost identically to CO, molecules. However, since the emission
rates for CO (A ~ 35 s~1) are significantly lower than those for CO, (A ~ 420 s71), CO
imaging using this technique can be expected to be less sensitive.

4.3 Results

Preliminary results are presented in this section to demonstrate the feasibility of IR
PLIF measurements using indirect excitation.

4.3.1 Room-Temperature Mixing

Excitation of CO at 2.35 um followed by near-resonant V-V transfer to CO» has been
used to visualize CO2 in aroom-temperature mixing process (Figure 4.3). In thisfigure,
aforced 6-mm jet flow similar to that of Figures 2.13 and 3.4 was used to generate vortex
rings of jet fluid (24%C0O2/38%C0O/38%Ar) which then mix with the ambient air. Typical
maximum SNR in these imagesis 200 and is limited in this case by the quality of the pixel
responsivity calculation. A minimum detectable mole fraction of 960 ppm CO, may be
inferred from the measured signal levels.

Whiletheflow in Figure 4.3 generates high-SNR images due to the large molefractions,
the unique properties of indirect excitation schemes are demonstrated by showing aflow in
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Figure 4.3: Single-shot IR PLIF images of vortex rings developing from a 6 mm tube. Jet
fluidis 24%C0O,/38%C0O/38%Ar. Ambient gasisair. 12mJat 2.35 umisused to excitethe
CO. Integration time is 20 us. Images are collected at 10 Hz and the flow is phase-locked
to allow atime seriesto be generated.
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which the donor species mixes with the acceptor species. A room-temperature CO» jetina
coflow of 50%CO/Ar was visualized by using 2.35 um laser light to excite the R(7) line of
the 2v band of CO. Fluorescence from CO; at 4.3 um is collected by the camera. Results
are shown in Figure 4.4 . Fluorescence in this case indicatesjet fluid which has mixed with

Max PLIF Signal

BN T
co co
—_ <«——2mm

et

Min PLIF Signal co,

Figure 4.4: CO, jet in CO coflow visualized using OPO excitation of CO
(9 mMJ@2.35 wm)and resonant V-V transfer to CO2. 1 um exposure time. Signal indi-
cates jet fluid that has mixed with the coflow.

the coflow.

4.3.2 Fuel-Product Overlap in a CO/Ar/H, flame

As ahigh-temperature demonstration, a steady laminar diffusion flame fueled primarily
by a 50%CO/50%Ar mixture (2% H, added for flame stability) was imaged using OPO
excitation of CO. Inthiscase, the R(12) line of the 2v band of CO was excited using 12 mJ
pulses generated by the OPO system. With a 4.6-5.1 um filter, the camera recorded CO
signal, which is proportional to [CO] plus a temperature-dependent cross-section. With a
4.1-4.5 um filter, the camera recorded CO, signal, which is proportional to [CO][CO2],
and the temperature-dependent absorption cross-section. Results are shown in Figure 4.5.
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Figure 4.5: Images of fuel (CO) and fuel-product overlap (CO2) in a CO/H, flame. Left:
single-shot CO image. Right: 25-frame average CO, image. 9 mJ excitation at 2.35 um s
used for both images.

Given the signal dependences on concentration, the CO image indicates the fuel region
while the CO, image indicates the overlap of fuel and product regions. In this flow, CO
persists through the flame region, but the fuel-product interface appears as a thin sheet due
to the temperature dependence introduced by the absorption cross-section (see Figure 2.11)
and number density.

4.4 Conclusions: Indirect Excitation Schemes

This chapter has presented the theoretical framework and preliminary results for new
IR PLIF imaging techniques for CO and CO, which use OPO or CO» laser excitation
followed by rapid V-V transfer to excite species vibrationally. Indirect excitation opens up
possibilitiesfor sub-resolution measurement of mixing, reaction rate imaging, multispecies
imaging, and saturated excitation of species not resonant with high pulse-energy lasers.

Indirect excitation schemes require rapid V-V transfer stemming from near-resonance
inthevibrational frequencies of the acceptor and donor species. Fortunately for combustion
applications, CO and CO; exhibit this near-resonance, enabling either species to serve as
an acceptor or donor for indirect excitation.

Depending on the type of excitation scheme (linear or saturated), ¢ or v need be mod-
ified to account for changes in the fluorescence signal owing to collection of fluorescence
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from the acceptor rather than the donor molecule. In both cases, this modification is rela-
tively straightforward in common limits.

Linear excitation schemes that excite CO and collect CO, fluorescence give signal that
is proportional to the quantity xcoxco,/(xco + xco,); this quantity has been shown to
match well the relative distribution of xco in the lifted laminar diffusion flame studied in
Chapter 3. Saturated schemesthat excite CO, and collect CO fluorescence can be explained
using vibrational arguments analogous to the three-temperature model of Section 3.3.3.
Such schemes give the potential for straightforward measurements of CO mole fraction in
certain flames.

Results are presented in two room-temperature mixing flows that show the ability of
indirect excitation schemes to generate high signal and to provide sub-resolution measure-
ments of molecular mixing. A laminar coflow diffusion flame fueled by a 50%CO/50%Ar
mixtureisalso used to demonstrate visualization of fuel (directly excited CO) and the fuel-
product interface (indirectly excited CO5).



Chapter 5
Conclusions and Future Work

This dissertation has introduced IR PLIF as a new diagnostic method. In addition,
this work has presented the first demonstrations of infrared (IR) PLIF measurements of
CO and COo, the first detailed analysis of LIF diagnostic strategies for these species, the
first results using saturated laser excitation, and the first techniques that use a combination
of laser and energy transfer excitation processes. These diagnostic developments enable
single-shot visualization of these speciesin reactive atmospheric pressure flowsin amanner
not before possible. Since IR PLIF is, in principle, applicable to all IR-active species, IR
PLIF has high potential for expanding the diagnostic possibilities available to combustion
researchers. Such diagnostics might include visualization of the preflame (fuel) region
of lifted flames, CO formation regions in flames, or exhaust mixing processes in internal
combustion engines as applied to residual-induced autoignition studies.

The following sections will offer suggestions for future work, then outline the conclu-
sions from Chapters 3-5 and summarize the results.

5.1 Future Work: extending IR PLIF to other species

Whilethisdissertation limitsthe discussion to imaging of CO and CO2, IR PLIF hasthe
potential to visualize any species with infrared absorption features. Three areas for future
IR PLIF target species, namely methane, water, and large hydrocarbons, are discussed in
the following sections.
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5.1.1 IR PLIF of Methane

Initial IR PLIF results suggest that CH4, measurements are feasible in a variety of
combustion flows, especially to characterize the pre-flame region of lifted flames. Such
measurement capability provides tools to assist modelers attempting to establish correla-
tion or causality between flow properties (e.g., stoichiometry, strain rate) and flame lo-
cation/stability. IR PLIF of CH,4 has the potential to eliminate the need for flow tracers
that might only approximate fuel location, or that might affect flow properties and kinetic
mechanisms.

Excitation

Depending on theimage size and CH4 molefraction, excitation of CH4 may be achieved
via the v3+v4 absorption bands near 2.3 um (Figure 5.1) or the v3 band at 3.3 um (Fig-
ure 5.2). As can be seen from Figures 5.1 and 5.2, the CH,4 absorption spectra have Q
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Figure 5.1: Calculated (using HITRAN96 [29]) CO and CH,4 absorption spectra near
2.3 umat 1 atm. The CO absorption feature corresponds to the 2v absorption band, while
the CH,4 feature corresponds to the vz + v4 band.
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Figure 5.2: Calculated (using HITRAN96 [29]) CH4 v3 band absorption spectra near
3.3umat 1am.

branches which enable excitation with broadband sources if desired. Figure 5.1 aso indi-
cates that CO absorption, while present in this spectral region, may be avoided at moderate
pressures. Fluorescence can be collected at the vz (3.3um) or v4 (7.6pm) fundamentals. A
sample excitation/collection scheme is shown in Figure 5.3, in which excitation at 3.3 um
isfollowed by fluorescence at both 3.3 umand 7.6 em.

Vibrational Energy Transfer and Fluorescence Collection

Collecting the fundamental v4 emission near 7.6 um isideal owing to the long v4 col-
lisional lifetimein methane (~ 1.6 usat 1 atm[30]). Low signal levels are to be expected
from fluorescence collected at the fundamental vz emission wavelength (3.3 um) since
near-resonant intermodal V-V transfer to the 2vy, 2v4, and vo+vy levelsis rapid [30, 61].
Calculations with the v4 lifetime and emission rate lead to the promising detectivity calcu-
lations shown in Figure 5.4, which compare favorably with those achievable through CH,4
Raman imaging efforts.  These calculations assume a long exposure time, with fluores-
cence quantum yield given by ¢jin = A/Q and Q(300K) = 6 x 10°. This collection
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Figure 5.3: CH4 energy level diagram with laser excitation and fluorescence collection.
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Figure 5.4: Predicted CH4 detectivity limits.
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scheme can employ strong fundamental transitionsfor both excitation (3.3 «m) and collec-
tion (7.6 «wm), but detection requires short-exposure mercury cadmium telluride (HgCdTe)
focal planetechnology, whichisnot aswell-devel oped asthat for indium antimonide. Since
long-wave infrared (LWIR) cameras with advanced gating capabilities comparable to our
current IR cameras will likely become available in the next year or two, they should enable
CHg visualization using this technique.

5.1.2 IR PLIF of Large Hydrocarbons

While the theory presented in this thesis is primarily suited for analysis of small (di-
atomic or triatomic) species, high-pulse-energy laser excitation of broadband-absorbing
hydrocarbons has potential due primarily to the ease of the excitation process.

Large hydrocarbons in general exhibit fast vibrational energy transfer [62], so high-
pulse energy lasers will most likely be required to successfully visualize large hydrocar-
bons. Many large hydrocarbons (including most paraffins and ketones) have absorption
features at 10.6 «m or 9.6 um consistent with the output of a high-pulse-energy CO., laser
and features at 5.3 um consistent with the output of a high-pulse-energy CO laser.

Also, for those species that have accessible ultraviolet transitions, ultraviol et excitation
may be used leading to vibrational nonequilibrium which is then observed via IR fluo-
rescence. This has been performed in a preliminary fashion using 266-nm excitation of
acetone [63]. Such schemes have the advantage that their signal should be independent
of whether the excited electronic state is predissociative, although it should be noted that
electronic techniques are most likely preferred for species with accessible electronic tran-
sitions.

Saturated excitation is difficult for large hydrocarbons owing to the extremely fast VET
rates. For these molecules, the most fruitful analytical technique will most likely be an
energy conservation analysis in which the energy input from the laser and energy output
from V-T equilibration reach a steady-state during which broadband fluorescence due to
the nonequilibrium vibrational energy may be collected.
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5.1.3 IR PLIF of Water

Due to water’s ubiquity as a combustion product, IR PLIF imaging of water has the
potential for high impact. Excitation of water is quite straightforward, as H>O has strong
absorption bands near 1.4 um, 1.8 um, and 2.7 um. In the interest of allowing for red-
shifted fluorescence at 2.7 um as well as minimizing adverse effects of laser attenuation,
the 1.4 um and 1.8 um bands are the most likely excitation bands. Since H,O is by far
the strongest absorber in this spectral region, interfering species would be expected to have
little or no effect on PLIF signal.

V-T transfer in HoO is very fast (see Appendix C), so H>O can be expected to face the
same challenges for linear excitation that are faced by CO,, namely that the fluorescence
guantum yield will be a strong function of the local H>O concentration, and that the vibra-
tional and rotational partition function changes with temperature will make it difficult to
design schemes that provide for straightforward image interpretation. As was the case for
CO, at combustion conditions, successful IR PLIF imaging of HoO will most likely involve
saturated excitation using a high-pulse-energy laser or high-pulse-energy Raman-shifted
laser. H»O fluorescence could be collected at 2.7 um or 6.3 um, each of which would be
expected to have similar relaxation times. For example, the same excitation scheme used
earlier in this report to image CO- in flames could aso be used (with different timing) to
image H»O (in fact, it could be used to image any species. H,O’s broad band structure
would make rejection of broadband luminosity more difficult

5.2 Future Work: IR PLIF in Varying Environments

Since future work using IR PLIF will most likely involve other environments, including
high- or low-pressure systems with windowed enclosures, this section briefly summarizes
the major issues related to applying IR PLIF in those environments.
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5.2.1 Varying Pressures

This dissertation has focused on atmospheric-pressure applications, athough many ap-
plications at other pressures exist. A large fraction of combustion processes occur at e-
evated pressures, including combustion in IC engines, for which CO, PLIF may be ap-
plied to study exhaust reinduction. Regardless of the excitation scheme, increased pressure
brings challenges dueto laser attenuation and fluorescence attenuation due to radiative trap-
ping. However, the dependence of LIF signal on pressure depends on the strength of the
excitation process.

The dependence of LIF signal in the linear and saturated limits can be determined by
examining the fluorescence equation in its varying forms. Recall that the fluorescence
eguation for linear excitation may be written as:

S.iin = Npinc Nabsc? Plin 7c- (5.1

The dependence of important terms on P is as follows. ngs is proportional to P. The
peak of the Lorentzian lineshape function isinversely proportional to P in the collisionally
broadened limit, therefore o is inversely proportional to P. Fluorescence quantum yield
is proportional to a limiting time (camera exposure time or vibrational relaxation time)
that scales inversely with VET rates and therefore scales inversely with pressure; therefore
¢iin 1S inversely proportional to P. In total, then, signal levels for IR PLIF using linear
excitation can be expected to scaleto first order as 1/ P.
For saturated excitation the fluorescence equation is as follows:

st = Ysat NabsV 7c- (5.2

The dependence of signal on pressure in the saturated limit is straightforward, since satu-
ration implies that v« is independent of pressure. The only effect on PLIF signal is that
of number density which scales linearly with P. Signal levelsfor IR PLIF using saturated
excitation can thus be expected to scale linearly with P. Thisfeature makes saturated exci-
tation schemes attractive for higher-pressure applications. As pressure increases, the laser
energy required to saturate the transition will increase; however saturated excitation with
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Material Knoop Hardness[kg/mm?] Thermal Expansion Coefficient [1/K]

ZnS 210 5e-6
Fused Silica 500 14e-6
Sapphire 1370 6e-6

Table 5.1: Material properties for several optical materials.

typical CO» laser sourcesisfeasible below 5 atm.

5.2.2 Windows

Applications at non-atmospheric pressure require enclosures that allow laser accessvia
windows. For applications using OPO techniques, this may easily be achieved using sap-
phire windows, which transmit to 6 «m, are strong, and are resistant to chemical reaction.
For applications using CO, laser excitation, sapphire absorbs at 10.6 xm and is unsuit-
able; ZnS windows are the most likely window material since ZnS is non-hygroscopic,
much harder than ZnSe, and, due to its moderate thermal expansion coefficient, resistant to
thermal shock. Properties of materials are summarized in Table 5.1.

Regardless of the material used, windows attenuate laser light and increase the inho-
mogeneity of the incident laser sheet. However, successful use of ZnS windows to enable
IR PLIF in non-atmospheric conditions appears feasible.

5.2.3 Hot Surfaces

Combustion enclosures can be expected to be hot and therefore emit at IR wavelengths.
While this contributes to the noise of an IR PLIF technique, the use of narrowband filters
which istypical for IR PLIF measurements will minimize this effect, and emission from
hot surfaces should dominate over gas emission only if the walls are hotter than the gas.
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5.3 Conclusions

IR PLIF of CO

The IR PLIF technique has been demonstrated using model calculations and IR PLIF
imaging of CO. Design procedures for excitation schemes as well as analysis required to
interpret IR PLIF imaging of CO have been presented. A model four-level system is used
to conceptually describe the behavior of IR PLIF signal, highlighting differences in the
functional form of IR PLIF signal depending on therelative length of time scalesfor camera
exposure, V-T transfer, and V-V transfer. Integration of vibrational level populations as
calculated with arate equation analysisis used to quantify fluorescence quantum yield and
its dependence on bath gas temperature and species constituents.

For CO, excitation at 2.35 um followed by a1 us camera integration at 4.7 wm gen-
erates high signal levelswhile eliminating laser scattering, laser attenuation, radiative trap-
ping, and fluorescence quantum yield variations. The vibrational energy transfer is slow
enough in CO that microsecond-scale integration times provided by modern IR camera
systems effectively freeze the vibrational populations and make the fluorescence quantum
yield approximately independent of the collisional environment. The R(12) and R(24) lines
are demonstrated to generate nearly temperature-independent signal within the 300—800 K
and 800—2200 K regions, respectively. A detailed rate equation analysis of the transient ab-
sorption process and collisional RET showsthat typical experimental fluencesreside within
the linear regime and standard PLIF post-processing techniques may be used. While a de-
tailed MEG scaling law analysis is required to properly predict LIF signal at very high
fluences, a ssimple four-level (two-rate) model is sufficient to confirm linearity of LIF sig-
nal for the moderate fluences relevant to planar imaging. Predictions of signal and noise
levelsindicate that IR PLIF is sensitive enough to enable single-shot imaging of nascent
CO in flames. Results have been presented for room-temperature mixing flows and fuel
visualization of laminar diffusion flames, showing the potential for IR PLIF for imaging of
CoO.
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IR PLIF of CO ,

New IR PLIF imaging techniquesfor CO, have been demonstrated using OPO (2.0 .um)
or COg laser (10.6 «m) excitation. For CO», 2.0 um excitation (followed by collection at
4.3 um) isthe best option for linear fluorescence measurements, as it avoids laser attenua-
tion from H>O and CO» (which isobserved at 2.7 «m) and nonlinear absorption (which is
predicted for typical experimental fluences at 2.7 um, 9.6 um, and 10.6 pm). Preliminary
resultsare presented with 2.0 um excitation for a300 K mixing flow; however, the quantita-
tive accuracy of CO, images following linear excitation is limited by the rapid temperature
variation of the CO» partition function and spatial variation of fluorescence quantum yield
due to inhomogeneous H,O and N> mole fractions. The complexity of image interpretation
for CO2 using linear excitation motivates consideration of high-pulse-energy excitation and
saturated fluorescence [48].

To simplify CO» IR PLIF image interpretation and increase signal levels at flame con-
ditions, saturated IR PLIF imaging techniques for CO, are presented using a high-pul se-
energy TEA CO» laser. An examination of energy transfer rates shows that all rotational
states of several vibrational levels (10°0;, 10°0;;, and 0220) are pumped indirectly by the
TEA laser, sinceits 2 us pulse length islong enough to alow substantial RET and VET to
occur during the laser pulse. This energy redistribution along with fast intramodal trans-
fer justifies the use of a simple three-temperature model for analyzing state distributions.
When combined with short exposure times provided by our infrared cameras, the long,
high-energy pulse makes the fluorescence signal easily interpretable in the context of the
three-temperature model. Imaging results from a 425 K unsteady transverse CO- jet and
a laminar coflowing CO/H. diffusion flame are presented, with minimum detectable con-
centrations of 2.7x10%" and 1.4x 10" molecules/cm?® respectively. IR PLIF images of a
benchmark lifted, CH4/N>-fueled laminar coflow diffusion flame compare well with pre-
vious computational and Raman scattering results, and highlight the ability of smple, in-
expensive CO, lasers to generate high IR PLIF signals suitable for single-shot, high-SNR
imaging in avariety of flows.

IR PLIF schemes based on TEA laser excitation alone generate signal that increases
with temperature. Calculations are confirmed by single-point LIF measurements over the



CHAPTER 5. CONCLUSIONS AND FUTURE WORK 86

300-900 K range and show that the addition of an OPO excitation step at 2.0 m which
pumps the 20°1;; < 00°0 transition may be implemented to generate a fluorescence yield
that is nearly independent of temperature over the 300-2200 K range.

Indirect Excitation Schemes

The theoretical framework and preliminary results for new IR PLIF imaging strategies
for CO and CO» are presented using laser excitation of one species followed by rapid V-V
transfer to excite another species vibrationally. Indirect excitation schemes require rapid
V-V transfer stemming from near-resonance in the vibrational frequencies of the acceptor
and donor species, but they open up possibilities for sub-resolution measurement of mix-
ing, reaction rate imaging, multispecies imaging, and saturated excitation of species not
resonant with high pulse-energy lasers. Fortunately for combustion applications, CO and
CO2 exhibit this near-resonance, enabling either species to serve as an acceptor or donor
for indirect excitation.

Depending on the type of excitation scheme (linear or saturated), ¢ or v need be mod-
ified to account for changes in the fluorescence signal owing to collection of fluorescence
from the acceptor rather than the donor molecule. In both cases, this modification is rel-
atively straightforward in common limits. Linear excitation schemes that excite CO and
collect CO; fluorescence give signal proportional to the quantity xcoxco,/(xco + xco,);
this quantity has been shown to match well the relative distribution of xco in the lifted
laminar diffusion flame studied in Chapter 3. Saturated schemes that excite CO, and col-
lect CO fluorescence can be explained using vibrational arguments analogous to the three-
temperature model of Section 3.3.3. Such schemes give the potential for straightforward
measurements of CO mole fraction in certain flames.

Results are presented in two room-temperature mixing flows that show the ability of
indirect excitation schemes to generate high signal and to provide sub-resolution measure-
ments of molecular mixing. A laminar coflow diffusion flame fueled by a 50%CO/50%Ar
mixtureis also used to demonstrate visualization of fuel (directly excited CO) and the fuel-
product interface (indirectly excited CO5).
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5.4 Summary of Results

The results of Chapters 3-5 can be summarized as follows. despite the small Einstein
A coefficients associated with vibrational transitions and nonzero excited state populations
present at combustion temperatures, IR PLIF is shown to be a straightforward and effective
tool for visualization of CO and COs in flows pertinent to combustion. The slow equilibra-
tion observed for some vibrational nonequilibria and the large mole fractions for CO and
CO; intypical flows enable high IR PLIF signal despite low emission rates.

Analyses of RET and VET show that excitation schemes in either linear (weak) or
saturated (strong) limits may be developed, and fluorescence may be collected directly
from the laser-excited species or indirectly from bath gases in vibrational resonance with
the laser-excited species. Use of short (~1 us) exposures (for CO) or short exposures
combined with long-pulse, high-pulse-energy excitation (for CO2) minimizes unwanted
signal variation due to spatially-dependent VET rates.

Results have first been presented for near-room-temperature flows, where Boltzmann
fractions are high, backgrounds are negligible, and VET rates are typically lowest. Images
using OPO excitation show high SNR (up to 200) and minimum detectable mole fractions
near 1000 ppm for both CO and CO,. CO, images using a CO,, laser are less effective near
room-temperature due to the low population in the 10°0, vibrational level.

Results are aso presented for high temperature flows, which are more challenging due
to smaller Boltzmann fractions, flame luminosity, and higher VET rates. Linear excitation
issuitable for CO dueto CO’'sslow V-T and V-V relaxation and has been demonstrated in
a CO-fueled laminar diffusion flame; however, linear excitation is not well-suited for CO»
imaging due to the complexity of CO, signal interpretation. Saturated excitation using CO»
laser (or combined CO, laser-OPO) excitation is most appropriate for CO», asit generates
high signal and combats spatial variations in fluorescence quantum yield stemming from
the effect of HoO on VET rates. IR PLIF of CO, using CO laser excitation isdemonstrated
in CO- and CHy-fueled laminar diffusion flames.

Since IR PLIF may, in principle, be used for any species with IR transitions, it has
the potential to enable imaging of many species that at present have no suitable imaging
diagnosticsvia UV/visible excitation.



Appendix A

IR PLIF Instrumentation

The equipment and techniquesin thisreport are uniqueto IR PLIF experiments. Hence,
the instrumentation is summarized in this appendix in some detail. Particular attention is
paid to the OPO/OPA system, since (@) it has been discontinued and is no longer supported
by the vendor; (b) it has been modified in-house; and (c) it is reasonably complicated to
operate. This chapter focuses on equipment and techniques associated with the equipment
itself; IR PLIF experimental techniques are |eft for later chapters.

A.1 Infrared Imaging Test Bed

Equipment related to IR PLIF imaging is housed on two optical tables (4 x10' and
4'x8'). The 4 x10" table houses the two laser sources, their power supplies and control
equipment, diagnostic equipment for the OPO, an oscilloscope and data acquisition sys-
tem, and timing equipment. The 4’ x8' table houses the experimental flow, gas handling,
exhaust, and camera systems, as well as the majority of the optics for controlling and shap-
ing the laser beams.

88
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A.2 Nd:YAG-pumped OPO/OPA Tunable Infrared Source

This section discusses the OPO source in use at Stanford, but is not areplacement for a
background in nonlinear optics, which is extremely useful for anyone using this system.

A.2.1 System Overview

The tunable laser source (Figure A.1) is a three-stage OPO/OPA system? pumped by
the fundamental and second harmonic outputs of an Nd:Y VOgs-injection-seeded Nd:YAG
laser.2 The system generates high energies (>20 mJ/pulse near 2.0 xm) in 6 ns pulses at
10 Hz with single-longitudinal-mode (400 MHz) linewidth. Optical parametric ampli-

532 and 1064 nm pump
1064 nm \

inputs (> 532 nm pump \
N\

OUTPUT 2:
1.3-2.1 Om
signal output

OUTPUT 1: OPA

OUTPUT 3:
645-1064 nm
) KTP P
OPO

mirror

Figure A.1: Tunable infrared source consisting of modified Continuum Mirage 3000 OPO
with KTA optical parametric amplifier stages added for increased conversion.

fiers [65] are chosen for this system over laser or stimulated Raman amplifiers owing to
their high conversion efficiency, wide tuning range, insensitivity of parametric gain to the
spectral properties of the input beams, and absence of parasitic oscillations. This system

lUseful overviewsof the physics of nonlinear conversion using optical parametric processes can be found
in Refs. [64, 65]. At Stanford, useful coursesinclude Applied Physics 305, Nonlinear Optics Laboratory and
Applied Physics 346, Introduction to Nonlinear Optics.

2Continuum Mirage 3000

3Continuum Powerlite 9000
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generates three outputs: (1) the signal output® of the second stage (645-1064 nm), (2) the
signal output of the third stage (1300-2128 nm), and (3) the idler output of the third stage
(2128-4700 nm). Outputs 2 and 3 are manipulated using diel ectric high-reflectors and used
for IR PLIF imaging; output 1 is split and monitored with both a Fabry-Perot interferometer
and a power meter.

A.2.2 Nd:YAG Pumping

The flashlamps and Q-switch of the Nd:YAG laser are triggered® by a programmable
digital delay generator® that is set to trigger internally at 10 Hz. The delay between the
flashlamp and Q-switch triggers is set at 450 us to maximize the Nd:YAG pulse energy,
and the KD*P frequency-doubling crystal is aligned to maximize the 532 nm output. Out-
put triggers from the laser system are recorded by a pulse counter’ so as to monitor the
number of pulses fired on the flashlamps.2 The output pulse energy at the fundamental
is approximately 40% of the specified output pulse energy® because the flashlamp energy
of the Nd:YAG system is set at alow level. Under-filling the Nd:YAG rods improves the
gpatial uniformity of the inversion in the rods and also stabilizesthe rod temperature distri-
bution. Inversion uniformity and thermal stability is necessary to maintain precise pointing
stability and phase coherence in the Nd:YAG output. Oscillation threshold of the OPO is
highly sensitiveto any deterioration in pointing stability or phase coherence inthe Nd:YAG
beam. For this reason, experience also shows that Nd:YAG flashlamps should be replaced
every 20 million pulses, more often than is specified in the manual. Close attention to
the Nd:YAG maintenance schedule (changing cooling water, changing water filters, killing
algae in the lines by flushing with hydrogen peroxide) is also required to maintain OPO
performance.

4Note that standard jargon describes the short-wavelength and long-wavelength beams generated in an
optical parametric oscillator as the signal and idler respectively.

STTL standard trigger

6Stanford Research Systems DG535

"Fluke 7250A

8The laser system records pulses only when triggered internally but not when triggered externally by the
DG 535.

9gpecified pulse energy: 2 J; typical output: 800 mJ
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The Nd:YAG laser pulses have more energy than can be tol erated by the nonlinear crys-
tal anti-reflection (AR) coatings; therefore a beamsplitter!® is used to separate 50% of the
residual 1064 nm energy and approximately 20% of the 532 nm energy. Theresidua beam
is passed into the OPO/OPA system. Inside the OPO/OPA housing, a dichroic beamsplitter
splits the 532 nm and 1064 nm beams which are individually attenuated with half-wave
plates and Brewster angle polarizers. 25% of the 532 nm beam (typically 18-22.5 mJ) is
split off and passes through a two-lens telescope into the oscillator cavity. The remaining
75% of the 532 nm beam (typically 54-90 mJ) passes through a two-lens telescope into
the weakly resonant second stage OPO/OPA. The 1064 nm input passes through a two-lens
telescope and spatial filter into the third stage OPA.

A.2.3 In-house modifications

The OPO/OPA system has been modified in-housein four ways: (1) aflipper mirror has
been added between the first and second stages, enabling the oscillator output to be outcou-
pled and analyzed quantitatively with a Fabry-Perot interferometer; (2) the beam waist used
in the oscillator cavity has been increased 15%, which improvesthe spatial homogeneity of
injection seeding in the second stage; (3) the third stage KTP (potassium titanyl phosphate)
crystals have been replaced with KTA (potassium titanyl arsenate) crystals to reduce idler
absorption in the region beyond ~3.5 um[66]; (4) two additional manually-tuned KTA
crystals have been added to the third stage to increase the parametric gain.

A.2.4 OPO Performance Diagnostics

The OPO performance is monitored using power meters and Fabry-Perot interferome-
ters. A portion of the oscillator (stage 1) output is fiber-coupled to a lens-etalon interfer-
ometer and the interference fringes are recorded by avideo rate CCD and interpreted quali-
tatively viaamonitor. In addition, a separate Fabry-Perot interferometer!! is used in either
wedged-etalon or lens-etalon’? configurations to quantitatively monitor the output of either

10cv| part no. BS1-1064-50-2037-45P

11Burleigh WA-4500

12The wedged-etalon configuration is referred to as etalon A, and the lens-etalon configuration is referred
to as etalon B, consistent with the Burleigh software and manual .



APPENDIX A. IR PLIFINSTRUMENTATION 92

the oscillator (stage 1) or oscillator/amplifier (stage 2). Here again, fringes are recorded
on a CCD and are communicated to a computer for display. The software uses real-time
calibration with fixed-wavelength reference lasers to calculate absolute wavelength. The
Burleigh interferometer can measure wavelength accurate to 0.02 cm~1. The lens-etalon
configuration (etalon B) hasthe best resol ution and can be used to confirm injection-locking
of the second stage. After injection-locking has been confirmed, two thermopile power me-
ters are used to measure the energy of the second?® and third!* stages and optimize crystal
tuning for maximum pulse energy.

A.2.5 Alignment Techniques

This section discusses alignment techniques that are covered poorly in the equipment
manuals or that are specific to the setup at Stanford. The equipment manuals should of
course be consulted in addition to the material presented here.

Stage 1: 532-nm Grating-Tuned Oscillator

Thefirst (OPO) stageisagrating-tuned optical parametric oscillator pumped by 532 nm
output of the Nd:YAG. The attenuator on the 532 nm input should be used to ensure that
the pump pulse energy does not exceed 22.5 mJ as measured by a pyroel ectric pulse energy
meter;1° exceeding thislevel can lead to crystal damage, typically in the form of adamaged
AR coating. Once the pump laser is aligned (see manual), the grating should be set to a
visible wavelength (<750 nm), and the KTP crystal can be rotated until the red signal
beam can be seen on a card. Laser goggles which block the 532 nm pump beam and
effectively pass red wavelengths are needed for this step. Alignment is very temperature-
sensitive, so the room temperature should be controlled and changes in room temperature
will require realignment. Crystal performance will deteriorate after about a year due to
gray tracking [67—69], requiring crystal reorientation or replacement.

13scientech model 360203 head; model 362 readout

145cientech model 380101 head; model 362 readout

150phir pyroel ectric head model PE-50-BB-DIF, serial no. 37420; NOVA readout, serial no. 38031; visible
wavelength calibration
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Stage 2: 532-nm Weakly-Resonant Oscillator/Amplifier

The second stage is designed to operate as an amplifier, but the pump pulse energy
(~90 mJ) is above oscillation threshold for the cavity. Thus the second stage will oscillate
independently if it is decoupled from the first stage, and near-IR output will be generated
by the second stage regardless of whether it is injection-locked to the first stage. Because
the second stage can oscillate, it isimportant to examine the spectrum of the second stage
output to ensure that the second stage isinjection-locked before maximizing pulse energy.

Injection-locking of the second stage is confirmed by observing its response to crystal
tuning and addition/removal of the first stage seed pulse. When the second stage is decou-
pled from the first stage (if the system is misaligned or an object is placed to block the
first stage output), will be unaffected by the presence or absence of the injection seeding
output from the first stage; also the second stage output energy will be only a very weak
function of the absolute angles of the second stage crystals, rather will be a function only
of the relative angle of the two crystals. Because the second stage is weakly resonant, the
cavity mode structure is poorly defined; the linewidth of the second-stage output without
injection seeding is controlled by the wavelength acceptance of the phasematching pro-
cess and is dictated by dispersion. Typical linewidths in this case are 10 cm~—1. Output
with such a broad linewidth will be correctly measured by the Burleigh interferometer in
wedged-etalon mode (etalon A) but not in lens-etalon mode (etalon B).

When thefirst two stages are operating properly, the second stage amplifies the narrow-
linewidth output of the first stage. With proper operation, both the second stage pulse en-
ergy (as measured by power meter) and the second stage output spectrum (as measured by
the Burleigh interferometer on etalon B setting) are clearly affected by theinjection-seeding
oscillator pulse. By alternately blocking and unblocking the oscillator pulse (for example,
with a business card), an increase in pulse energy of about 20% should be observed due
to the seeding pulse. Also, with the seed pulse blocked, the wavelength spectrum that the
Burleigh software calculates from the etalon B fringes will be diffuse (i.e., peak heights
less than half of FWHM). With the seed pul se unblocked, the wavel ength spectrum should
show clear peaks (i.e., peak heights more than twice FWHM). Coupling of the first and
second stages may also be confirmed by examining the wavelength of the oscillator stage
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alone (by using the flipper mirror to outcouple the oscillator output) as compared to the
second stage alone (by examining its output with the oscillator blocked). By using the
low-resolution (i.e., etalon A) mode of the Burleigh interferometer, both outputs can be
alternately monitored. If the system is properly tuned, both wavelengths will be the same.
Once it is confirmed that the second stage is amplifying the first stage output, the second
stage pulse energy can be peaked by aligning the crystals and monitoring the pul se energy.

Stage 3: 1064-nm Amplifier

Thethird stage is straightforward sinceit is configured as a single-pass amplifier. Pump
pulse energies of 300 mJ at 1064 nm'® are typical. Two KTA crystals are actuated by
stepper-motor and are controlled by the software. Two manually-tuned KTA crystals have
been added and are mounted in Spectra-Physics WEX housings. These crystals may be
moved out of the beam path if desired.

Maximum conversion for a parametric amplifier is typically realized through careful
collimation of al beams and precise phasematching; however, with the addition of extra
crystals, the third stage is effective enough to undergo pump reconversion at beam center
during the peak of the pulse. Because of this, the peak output pulse energy is rather in-
sensitive to the degree of collimation. By using slightly expanding or focusing beams, this
misalignment (along with the Poynting vector walkoff of the parametric process) can be
used to generate a beam which is highly divergent (high M2 value) and focuses loosely.
Loose focusing (and the attendant long Rayleigh range) is desirable for PLIF experiments
as it minimizes errors due to focusing-induced irradiance nonuniformity.

A.2.6 OPO Performance—pulse energy

Figure A.2 shows maximum OPO output energy as afunction of wavel ength asachieved
at Stanford following modification. These pulse energies are significantly higher than the
energy specifications of the original system. Pulse energies drop away from the degeneracy
primarily due to idler absorption in the KTA crystal. When the OPO is used for IR PLIF

16as measured at the lens telescope, before the spatial filter
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Figure A.2: Optimized output power for modified OPO system. All results are for system
optimized for maximum energy.

measurements, priority is placed on pulse stability and spatial performance and typically
the pulse energies used are 50-80% of maximum.

A.3 CO, Laser

A TEA (transversely-excited atmospheric) CO, laserl’ generates pulses at 10.6 um
with energy up to 5 J. These pulses correspond primarily to the P(20) transition of the
00°1 — 10°0; emission band at 944.194 cm~1, with small contributions (10%) from the
P(18) and P(22) transitions at 945.980 and 942.383 cm~1 respectively. Contributions from
the P(18) and P(22) lines are observed early in the pulse before the P(20) line builds up
enough intensity to dominate the cavity gain. The pulse length is typical of TEA lasers,
with an early 100 ns FWHM peak followed by a slowly decaying (2 us) tail (Figure A.3).
The output is gain-narrowed to 300 MHz.

17)_asertechnics Blazer 2000
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CO, laser pulse
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Figure A.3: Typical CO, laser pulse shape.

The thyratron (and therefore the laser light) istriggered externally using a pulse gener-
ator® at rates ranging from 0.6-15 Hz. The performance of the thyratron, which controls
the timing of the high-voltage pulse, tends to deteriorate if the laser is not used for a few
weeks. In thiscasethe laser will be observed to fire inconsistently, either not firing or firing
multiple times with one trigger pulse. This can be improved simply by running the laser
for aperiod of hoursto condition the thyratron.

A.4 Infrared Cameras

One or two identical two-channel, LN»-cooled infrared cameras!® are used to collect
fluorescence. These cameras employ 256x 256 InSb focal plane arrays with 30 uwm pixels
and a quantum efficiency in the 1.0-5.3 um region of 85-95%. These cameras use a propri-
etary circuit to achieve enhanced performance for short integration times. Each camera has
afour-filter wheel which isaso maintained at LN» temperature and can be used to switch

18HP Model 3311A function generator; square wave; 1.5V amplitude; OV offset
19ganta Barbara Focalplane SBF 134
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between different filters without otherwise changing the collection optics. The cameras are
each controlled by an independent computer using software from the manufacturer.

A.4.1 Camera Timing

The internal clock rate of the camera system is controlled via the software, and frame
rates range from 1-315 Hz. External triggering may be selected via the software so as
to synchronize the camera exposures to the laser pulse. When triggering externally, the
camera clock rate must be set at a rate higher than the externa triggering rate.?° When
synchronized to the OPO output, the camera is triggered with a 300 ns width TTL pulse
from the DG 535 delay generator, and the camera integration begins approximately 750 ns
after the rising edge of the input trigger. When synchronizing to the CO; laser, the camera
is triggered using the current-preamplified antenna response of an open BNC cable placed
close to the CO» laser so as to respond to the EMF spikes associated with the high-voltage
discharge. Thistriggering approach is used because thejitter in delay between laser trigger
and laser pulse can be large.

A.4.2 Camera Noise Performance

The noise performance of the camerasis dependent on framing rate. Sincethelaser sys-
tems used here operate at frequencies between 1-20 Hz, a camera framing rate of 20.1 Hz
was typical. At clock rates of 30 Hz and below, typical pixel read noise levels were not
afunction of clock rate and were approximately 500 photoel ectrons per pixel. Noise lev-
elsincrease beyond 30 Hz and are larger by approximately one order of magnitude as the
camera framing rate approaches 300 Hz. Pixel signals are digitized to 16 bits, although
the noise level at moderate frame rates corresponds typically to about 6 counts (photoel ec-
trons/count ~80), leading to camera bit depth between 13 and 14 bits.

20This has not been quantified extensively, however, it has been observed in general that a camera clock
rate which is 0.1 Hz faster than the external trigger rate is sufficient to work.
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A.4.3 Camera Calibration

Images of uniform-temperature solid (Lambertian) graybody emitters at different tem-
peratures are used to calibrate individual pixel responsivity, and an on-line correction is
applied to the measured signal. Errors caused by approximating the Lambertian emitters as
isotropic sources were negligible for the collection optics used here but could be important
if extremely fast optics are used.

The camera software allows for a two-point calibration of pixel response, which cor-
rects on-line for responsivity variations due to pixel-specific bias variations or nonuniform
collection efficiency. This correction aso eliminates pixel offset variations. Some nonlin-
earities in the camera response can be observed; in particular the response to input signal
is not the same on the two channels of the camera. If left uncorrected, every other row will
show varying signal levels due to the difference in nonlinearity between odd rows (chan-
nel 1) and even rows (channel 2). This can be corrected for by performing a three-point
calibration with graybody emission sources of varying temperatures. The correction from
the three-point calibration can be applied during image post-processing to eliminate these
nonlinearities.

Pixel response could be calibrated with an accuracy of one part in 1000, i.e., errorsin
pixel calibration lead to an apparent noise source with standard deviation equal to 0.001
times the pixel signal levels. Thisisin addition to read and shot noise sources. Achieving
such accuracy requiresthat the camera el ectronics have thermally equilibrated and typically
requires an hourly calibration. Daily calibrations lead to pixel responsivity errors around
0.005. High quality calibration is most important when using dual-camera techniques.

A.4.4 Camera Temporal Response

The temporal response of the camerawas measured in two ways. (1) with aconstant IR
source, by measuring the variation of recorded signal levelswith software-selected integra-
tion time; and (2) with a pulsed source, by measuring the variation of recorded signal levels
with delay time. Typical results are shown in Figure A.4, along with estimated responsivity
as afunction of the software-selected integration time. Camera response was consistent
between the two cameras and was independent of triggering method (externa vs. internal).
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Figure A.4: Cameratemporal response. (a) Response to cw source as function of time. (b)
Response to delta-function source as function of delay.
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From the cw source experiment, it is observed that the camera response is linear for the
short (~ 1 us) integration times typically used for IR PLIF. An offset is present which
corresponds to 275410 ns. Nonlinearities become apparent after 10 ns but do not affect IR
PLIF measurements. From the pulsed source experiments, it can be seen that the camera
responsivity ramps up to maximum and down to zero in approximately 275 ns. Therefore
a simple model for the camera responsivity with time is a trapezoid with 275 ns ramps on
either side of a constant-responsivity period whose length is given by the software-sel ected
exposure time. From the figure, it can be seen that the camera response is nonzero even
at long delays (< 5 us); thus a small error might be expected if a strong signal exists just
outside the camera exposure time. This effect was never observed in experiments reported
here.

A.45 Camera Resolution

Asistypical of 100% fill-factor cameras, the IR cameras do not provide idealized res-
olution, i.e., charge leaks between nearby pixels and this crosstalk limits resolution. Im-
ages of wire meshes taken using slow collection optics (to eliminate aberration as an error
source) give a spatial dynamic range of about 80. Camera resolution in the absence of op-
tical aberrationsisthus given by 1/80 times the image size. For image regions smaller than
5 cm, optical aberrations caused by fast singlet lenses can dominate over pixel crosstalk in
the outer regions of the images.

A.4.6 Collection Optics

Singlet CaF, optics are used to image the fluorescence on the focal plane arrays. Casse-
grainian opticswere used in someinitial studiesbut perform poorly with thiscamerasystem
due to the large back focal lengths (> 2 inches) of the InSb cameras. The large back focal
lengths stem from the cold filter wheel, which adds approximately 1 inch to the b.f.l. The
diameter of the cold stops on the camera (1 inch) limit the diameter of the collection optics
to 1inch; in all cases 1 inch optics were used.

Most singlet lenses used were plano-convex; however, /1 and f/1.5 lenses, when used,
were biconvex to minimize aberrations. Improved performance would be achieved (just
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as in visible photography) through the use of multi-element CaF, lenses. Such lenses
would be smple to design but expensive due to CaF,’s high cost and bulky due to its low
refractive index. For luminous systems (in which lossy lenses do not significantly decrease
SNR), Germanium camera lenses are common and would perform well.

A.5 IR Detectors

Four IR detectors are available for point measurements: a 3 mm diameter photoconduc-
tive InSb detector?! with amplifier?? and three 0.1 mmx 0.1 mm photoconductive HgCdTe
detectors?® with amplifiers.* The InSb detector has a 300 kHz bandwidth and a sensitivity
range from 1-5 um, while the HQCdTe detectors have approximately a 70 MHz bandwidth
and have sensitivity ranges from 3-6 um, 3-9 um, and 3-12 m respectively.

A.6 DAQ System

The data acquisition system consists of an oscilloscope,?® a boxcar-averager system,?®
BNC-DAQ card interface,?’ two PCl data acquisition cards,? and a computer?® running
LabView. Fast signals (typically from IR detectors) may be captured on the scope and
downloaded via GPIB interface to the computer, or they may be boxcar-averaged and
recorded by the 1 kHz, 16-bit DAQ card.

21EG& G Judson J10D-M 204-R02M-30

22EG& G Judson PA-9

23Fermionics models PV-6-100, PV-9-100, PV-12-100

243l model PVA-500-100

25Tektronix 6208

%gtanford Research Systems model SR250

2INational Instruments BNC-2090

28N ational Instruments PCI-MI10O-16X E-50, National Instruments PCI-GPIB
2Dell Pentium 11 233 MHz



Appendix B

Rotational Energy Transfer

B.1 Introduction

Because laser excitation occurs between specific rovibrational states and induces a
nonequilibrium rotational state population distribution, the rate at which this nonequilib-
rium population distribution equilibrates with the rotational bath affects IR PLIF signal
levels. Most notably, IR PLIF techniques often use laser fluences which depart to some de-
gree from the small-perturbation limit. The magnitude of this departure is strongly affected
by RET.

To address these issues, this appendix describes rotational states and their notation,
rotational energy transfer processes, relations between RET and spectroscopic parameters,
and the integration technique and rates used to model RET.

B.2 Rotational States and Notation

For linear molecules such as CO and COo, the rotational state is specified by the quan-
tum number j, and the rotational energy to first order is proportional to j(j + 1). To
distinguish from vibrational state notation, rotational states are here denoted by specify-
ing | and its value in parentheses. For example, CO in the | = 14 state is denoted as
CO(j = 14). Orientation of the angular momentum (as specified by the quantum number
mj) isignored here, as angular momentum reorientation is assumed to be fast as compared
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to other processes.

B.3 RET processes

For the purposes of this discussion, collisional processes are separated into three cate-
gories: elastic dephasing collisions, R-T transfer, and R-R transfer. It should be noted that,
while energy transfer is described as resulting from “collisions’, this term is used in this
context to imply any intermolecular interaction that results in energy transfer and whose
rate scales with pressure and trandational temperature like a hard-sphere collision rate.
The following sections describe the three RET processes in detail.

B.3.1 Elastic Dephasing

Elastic dephasing collisions are collisions that temporarily perturb the wavefunctions
of the colliding molecules, but do not change their states. The result of this perturbation
(which does not introduce any transfer of energy) is that the phase of oscillation of the
wavefunctions is changed. While this process does not involve the transfer of energy, it
does have the potential to affect spectroscopic parameters used later in this appendix to
infer RET rates.

B.3.2 R-T Transfer

R-T transfer processes allow rotational energy to be exchanged with translational en-
ergy. In this case, two molecules collide and one of the molecules undergoes a change of
rotational state. The small energy defect istaken up by the trandational mode. An example
of R-T equilibrationisCO(j = 12) + M < CO(j =7) + M.

B.3.3 R-R Transfer

R-R transfer processes equilibrate the rotational distribution independent of the transla-
tional temperature. In this case, two molecules collide and both of the molecules undergoes
a change of rotational state such that the energy defect approaches zero. An example of
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R-R equilibrationisCO(j = 8) + CO(j = 9) «» CO(] = 9) + CO(j = 8). R-R transfer
impliesthat the state change each molecule undergoes is dependent on the initial and final
rotational states of its collisional partner.

B.3.4 Relative significance of RET mechanisms

RET mechanismsdiffer from VET mechanisms(cf. Appendix C) inthat most RET pro-
cesses involve internal energy changes that are small compared to the average trandlational
energy of the molecules. Because of this, energy resonances play an insignificant role in
rotational relaxation of CO and CO; at all but cryogenic temperatures. Furthermore, aswill
be mentioned later in this appendix, elastic dephasing processes tend to be insignificant for
CO and CO;, at the temperatures relevant here. Consequently, RET processes for CO and
CO, are well described by ignoring resonance-enhancement (i.e., R-R transfer) or elastic
dephasing and using only R-T processes.

B.4 Relation between RET and Spectroscopic Parameters

RET processes are typicaly measured in one of two ways. (1) state-to-state rate con-
stants may be measured by observing the equilibration of a nonequilibrium rotational dis-
tribution prepared by chemical reaction or laser pumping [70-72]; or (2) state-to-state rate
constants may be inferred by measuring spectroscopic parameters such as line broadening,
line shift, and line mixing [39, 52-54]. The latter will be discussed here.

For simple molecules, a spectral feature (Raman, absorption, stimulated Raman, etc.)
caused by N lines can be described in the impact approximation (binary collisions, neg-
ligible collision duration) by a relaxation matrix equation [73]. This relaxation matrix W
is a complex matrix of dimension N x N and describes pressure broadening and shift as
well as line mixing effects such as Q-branch collapse [39] and super-L orentzian behavior
in bandhead regions [74].

With the additional assumptionsthat (1) vibrational energy transfer isslow as compared
to rotational energy transfer, (2) rotational energy transfer rates are independent of vibra-
tional level, and (3) elastic dephasing is insignificant as compared to rotationally inelastic
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collisions, the relaxation matrix formalism provides relations between rotational energy
transfer rates and line broadening and mixing. Most notably, line mixing is proportional
to rotational energy transfer between individual rotational states, while line broadening is
proportional to the summed transfer into or out of arotational state.

Line broadening can be related to summed rotational transfer rates through Helsenberg
uncertainty principle arguments, which give the total uncertainty of atransition in terms of
the sum of upper and lower state lifetimest’ and t”:

Av = (1 + i) (B.1)
2rc\t 1"

For systems in which the homogeneous (L orentzian) broadening can be assumed indepen-

dent of molecular velocity class, i.e., for systemsin which the homogeneous and inhomo-

geneous broadenings can ssimply be convolved, the L orentzian broadening FWHM is given

by Av as specified above. Hence measurements of line broadening translate directly to

summed RET rates.

Since RET tendsto be fast, many different energy transfer pathways are prominent, and
any experiment tendsto underconstrain the state-to-state rates, solving for state-to-state rate
constants typically requires reducing the dimensions of the optimization through the use of
atransfer rate scaling law. Two scaling laws will be discussed in the next section.

Whileline mixing and line broadening both relateto RET rates, they are used differently
for the purposes of inferring RET rates for analysis of the pulsed excitation process asso-
ciated with IR PLIF. Line mixing is dependent on specific transition rates, and is therefore
the most rigorous available spectroscopic benchmark against which to compare RET scal-
ing laws and the attendant parameters. Because of this, extensive work has been presented
in the literature using line mixing to establish the relative usefulness of line broadening in
conjunction with the established scaling laws. However, once the applicability of scaling
laws have been determined, using scaling laws to infer RET rates is the most straightfor-
ward approach, due to the availability of line broadening values for a variety of colliding
Species.
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B.5 RET Scaling Models

Since experimental data are not typically constrained by individual rotational transition
rates and computational efforts to describe each rotational transition independently are un-
wieldy, scaling laws are used to reduce the number of calculated or measured parameters.
Two important RET scaling models are discussed here, namely the modified exponential-
gap (MEG) and energy-corrected sudden (ECS). This discussion will motivate the use of
the MEG scaling for IR PLIF analysis, but also note the limitations of MEG and the poten-
tial need for ECS scaling in future efforts.

B.5.1 Modified Exponential-Gap

The modified exponential-gap law is a phenomenological exponential-gap law with
energy correction terms applied to the initial and final levels. In the form implemented
here, it givesageneral from for collisionally-induced endothermic rotational state changes:

Kj<i .
CO()+M 5 ' Co(j)+ M, (B.2)
through the use of the equation:
296\" (14 Ei/ksTs)?
Kici =A —BAE/kgT) . B.
j<i (T><1+Ei/kBT>eXp(ﬂ /B) (3)

Here kj i isthe transition rate from rotationa statei to j; E; isthe energy of statei [J];
T istemperature [K]; AE = Ej — E;j, kg isBoltzmann’'s constant [JK]; and A [s71, B, 6,
and n are fitting parameters. Exothermic reaction rates follow from detailed balance.

The MEG model does not distinguish between dipolar (A odd) and quadrupolar (Aj
even) selection rules, so any means for distinguishing between the two must be added in
an ad hoc fashion. Thisisamajor limitation of the MEG model; in particular, CO> RET
rates in IT and I" vibrational levels clearly show propensity differences for dipolar and
quadrupolar transitions [52-54, 70, 75-85].
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B.5.2 Energy-Corrected Sudden

ECS is not used here since for the vibrationa levels considered MEG is suitable and
computationally more efficient; however, for IR PLIF techniques which involve transitions
between levelswith odd axial spin momentsan ECS formalism would be more appropriate.
Since the ECS model is not used here, it will be summarized only briefly. The energy-
corrected sudden (ECS) model [86, 87] expresses the relaxation matrix W in terms of “base
rates’ by accounting for transition-dependent angular momentum coupling. The base rates
are thermally-averaged inelastic cross sections for downwards transitions to the ground
state, and are modeled quasi-classically or matched to experimental data using exponential
power law scaling.

Since the ECS formalism accounts properly for angular momentum coupling, it can cor-
rectly model, using one set of base rates, RET in vibrational levelswith different axial spin
momenta each of which have different probabilities for odd- and even-parity transitions.
The ECS model is more complicated to implement since the generality of its functiona
form leads to sums over 6-j symbolswhich are time-consuming to calculate, but would be
necessary if IT or I" states of CO, were used for excitation.

B.6 Integration Technique and Scaling Law Parameters

MEG scaling was used for all calculations sinceit is efficient to implement and is quite
suitablefor modeling RET in X vibrational levels. For CO and CO2, MEG has been shown
to be successful in predicting Raman Q branch collapse [39, 40, 53].

For CO2, MEG isin genera limited by its inability to predict propensity differences
between odd- and even-Aj collisions or changes is RET rates with the axial spin momen-
tum of the vibrational level; however, all CO, excitation schemes discussed in this report
involvelevelswith zero axial spin momentum (species = *; axial spin momentum quantum
number 1=0). For these levels (in 12C160y), half of the rotational states (j=odd or j=even)
have zero populations due to the nuclear symmetry and the Pauli exclusion principle. Be-
cause of this, MEG is also suitable for CO5 for IR PLIF calculations.
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Gas Collisiona Partner A[s™1] 8 8 n
CO CO 42x 108 135 1.17 0.69
CO, CO, 53x 10® 142 130 0.63
CO, N, 36x 10 122 132 0.64
CO, Ar 3.0x10® 122 141 0.65

Table B.1: MEG parameters for several gas mixtures.
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For each RET calculation, MEG parameters were calculated so as to match the col-
lisional linewidths for the given temperature and bath gas mixture. Fitting collisional

linewidths in and of itself is not enough to guarantee the accuracy of the individual state-
to-state rates [39]; however, the ability of the MEG scaling law to accurately predict line
mixingin CO andin =T levels of CO, indicatesthat rates generated by aMEG scaling law
that matches collisional linewidths are suitable for predicting phenomena that depend on

state-to-state transfer processes, such as line mixing and the dependence of IR PLIF signa

on laser fluence. Previous work has confirmed the accuracy of the linewidth-fitting tech-
nique [52-54, 70, 75, 79, 88-93], as well as the validity of using one set of RET rates for
al vibrational levels [94, 95]. MEG parameters are summarized in Table B.1. Since the
number of rate equationsis modest, rate equationsfor RET are integrated using MATLAB.
As needed for CO,, fast VET processes are included.



Appendix C

Vibrational Energy Transfer

C.1 Introduction

As discussed in Chapters 2—4, the magnitude of fluorescence generated by an IR PLIF
technique may be quantified only through integration of the excited vibrational level popu-
lations over the detector integration time. Performing this integration requires understand-
ing of thevibrational levels of these species, thelevel energies, and rates of transfer between
thelevels. Along with this, anumerical integration scheme must be carefully chosen, since
the number of vibrational levels and energy transfer mechanisms are quite numerous and
the computations can quickly become unwieldy. To address these issues, this appendix de-
scribes the vibrational manifolds of the molecules in question, vibrational energy transfer
processes, the rate equation model and integration technique used to model fluorescence
yield or fluorescence quantum yield, and the rates used to perform the calculations.

C.2 Vibrational Manifolds and Notation

Vibrational energy levelsfor diatomics (N2, O, and CO) are straightforward since they
each have only one vibrational mode, and the vibrational energy levels can be numbered
with one quantum number, v. In the harmonic oscillator approximation, the energy of level
visgiven by e, = vkg®, where kg is the Boltzmann constant and ® is the characteristic
temperature of the vibration [36]. Since the energy spacing between levelsis uniform, it
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is natural to refer to the quantum number as an indicator of the number of units or quanta
of vibrational energy above the absolute zero (half-point) energy. Molecules in a specific
vibrational level are denoted here with the vibrational level in parentheses; for example, an
N> molecule with one quantum of vibrational energy islisted asN2(1).

The vibrations of triatomics have three vibrational frequencies (v1 through vs), which
correspond (for H2O and CO,) to the symmetric stretching vibration (v1), the bending vi-
bration (v2), and the asymmetric stretching vibration (v3). For smplicity, the vibrations are
in this dissertation considered to be independent and harmonic, in which case the vibra-
tions may be decomposed into orthogonal modes whose wavefunctions may be multiplied
to generate the total vibrational wavefunction [51]. In this case, one quantum number per
degree of freedom is enough to describe the wavefunction and energy of avibrational level.

H>0 is nonlinear, and therefore all of its vibrational modes are nondegenerate. The
vibrational quantum state of an H>O molecule can be described with three quantum num-
bers (v1, v2, and v3), which indicate the number of vibrational energy quanta at the vy,
v2, and v3 frequencies, respectively. For example, an HoO molecule with one quantum
of symmetric stretch (v1) energy and one unit of bend (v2) energy is listed as HoO(110).
The harmonic oscillator wavefunction solutions ( i.e., solutions of the Schroedinger equa-
tion with a harmonic potential) are good approximations of the real eigenfunctions of this
system.

CO; islinear; therefore the v» bending mode is doubly degenerate, and four quantum
numbers are required to describe the vibrational quantum state. One set of quantum num-
bers that could be used is v1, v2a, v2p, v3, iIN Which v25 and voy, correspond to units of bend
energy aong two orthogonal axes. However, the most useful descriptors of the v, bending
energy (i.e., the eigenvalues of the system) are the magnitude of the bending energy and its
axia spin momentum. Therefore, following Ref. [47], the four quantum numbers vy, vo,
v3, and | are used for the vibrations of alinear triatomic molecule, where v, is proportional
to the total bending energy and | is proportional to the axial spin momentum.

CO:s is furthermore complicated by the accidental (Fermi) resonance of v and 2v,.
Because of this Fermi resonance, the harmonic oscillator wavefunctions are no longer good
approximations of the system eigenfunctions, and the use of v and v, quantum numbers
to describe the energy levelsis no longer particularly meaningful [96]. Accordingly, CO,
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vibrational levelsare labeled following Ref. [47]: v, isby convention set equal to |, and the
Fermi-resonant states are ranked (using an index r) in order of decreasing energy. r ranges
from 1to vp+1, and istypicaly omitted when v1=0. CO; levels are then listed in the form
COo(v1, v'z, v3)r. Notethat, using this notation, the four independent quantum numbersare
now vy, |, vz, andr.

While the similarity (or lack) between vibrationa eigenfunctions and harmonic oscilla-
tor wavefunctionsisimportant for spectroscopy and notation, it isnot particularly important
for evaluating energy transfer. Because of this, while the more quantum-mechanicaly rig-
orous notation is used here to describe vibrational levels, the energy transfer rates in CO»
are treated as independent of the axial spin momentum of the vibrational levels. For exam-
ple, the rates into and out of the 10°0;, and 0220 levels are assumed to be the same. Thisis
consistent with the results of Refs. [50, 70, 97] for exchange between the 10°0;, 10°0;;, and
0220 levels of CO», and gresatly reduces the number of individual reactions and vibrational
levels which must be incorporated when the vibrational transfer is modeled numericaly.

C.3 VET processes

For the purposes of this discussion, collisional VET processes are separated into four
categories: V-T equilibration, intermodal V-V equilibration, intramodal V-V equilibration,
and intermolecular V-V equilibration. It should be noted that, while energy transfer is
described as resulting from “collisions’, this term is used in this context to imply any in-
termolecular interaction that results in energy transfer and whose rate scales with pressure
and trandational temperature like a hard-sphere collision rate. Also, since calculations of
the fluorescence quantum yield require analysis of the vibrational cooling of avibrationally
hot system, the processes will typically be discussed in the trandationally exothermic di-
rection. Of course, the reverse processes occur at rates consistent with detailed balance.
The following sections describe the four VET processes in detail.
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C.3.1 V-T equilibration

V-T (vibration-to-translation) equilibration processes alow vibrational modes to equi-
librate their temperature with the trandlational modes. V-T processes occur when two
molecules collide, causing one of the moleculesto lose avibrational energy quantum while
the other molecul€e’s vibrational level remains unchanged. An example of thisis the V-T
equilibration of CO: CO(1) + M <« CO(0) + M. Inthisappendix, asis convention [46], M
indicates any species. The lost vibrational energy from these processes takes the form of
increased velocities, which are very quickly equilibrated and result in a higher trandlational
temperature.

C.3.2 Intermodal V-V equilibration

Intermodal V-V (vibration-to-vibration) equilibration processes allow different vibra-
tiona modes within a specific molecule to equilibrate with each other. In this case, a
collision perturbs the motion of the nuclei of a molecule such that, after the collision, the
vibrational energy is stored in different vibrational modes. Again, the collisional partner
does not experience a vibrational quantum number change. For example, the v1 and v,
modes in CO, exchange energy via CO,10°0, + M <> C0O,0220 + M and similar pro-
cesses. The vz mode equilibrates with the other modes via non-resonant processes such as
CO,00°1 + M < CO,1100; + M.

C.3.3 Intramodal V-V equilibration

Intramodal V-V equilibration processes allow an individual vibrational mode to achieve
a Boltzmann distribution. In this case, two molecules of the same species collide and
exchange a vibrational quantum, with the total number of vibrational quantain that mode
unchanged. Because the vibrations are nearly harmonic, these transfer process are always
near-resonant and tend to berapid. An example of intramodal V-V equilibrationisCO(2) +
CO(0) <« CO(1) + CO(2).
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C.3.4 Intermolecular V-V equilibration

Intermolecular V-V equilibration processes allow vibrational energy to be exchanged
directly between species without coupling to the translational modes. In this case, two
molecules of different species collide. If the vibrational energy quantaof the two molecules
are of similar energy, one molecule may lose avibrational quantum and the other molecule
may gain a vibrational quantum, with only a small net vibrational energy change which
must be taken up by the trandlational mode. An example of intermolecular V-V equilibra-
tionisN2(1) + CO(0) <> N2(0) + CO(2).

C.4 VET model, Integration Technique

The vibrational level distribution induced by laser excitation is evaluated as a function
of time using a rate equation formulation and the CHEMKIN interface [46]. Codes for
implementation ar recorded in Ref. [98]. The model assumes trandational and rotational
equilibrium, since these modes equilibrate very quickly as compared to the cameraintegra-
tion time. Vibrational energy transfer occurs based on collisional processes and, in some
cases, laser excitation. The elements of thismodel are described in the following sections.

C.4.1 Thermodynamic Database

Since the thermodynamic database that is used as an input to CHEMKIN isdesigned to
assume vibrational equilibrium, the database has been modified to treat vibrational levels
asindividual species. The thermodynamic entry for a species (e.g., CO) has been replaced
by a set of entries, one for each level (CO(0), CO(1), CO(2), etc.). This process is per-
formed by the FORTRAN77 code MKTHERM.F [98]. Since vibrational levels are treated
asindividual species, the specific heat of each level contains contributions only from trans-
lational and rotational energy modes. Thus the polynomial fit [46] for the specific heat cp
is replaced with a constant value (2.5kg T for monatomic species, 3.5kg T for linear di- or
triatomic species, 4kgT for nonlinear triatomic species). The energies of each level are
modified to account for the differences in vibrational energy; this is necessary to prop-
erly account for trandational temperature changes associated with V-T processes and to
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enable CHEMKIN to properly calculate reverse rates for VET processes. These energies
are chosen to correctly account for VET but are not correct if chemical reactions occur.
Harmonic oscillators are assumed for simplicity, since preliminary calculations including
anharmonicities had insignificant effect on vibrational energy transfer results.

C.4.2 Initial Condition

Aninitial condition is set that corresponds primarily to an equilibrium vibrational dis-
tribution. If a nanosecond laser excitation pulse is being modeled, this perturbation is as-
sumed instantaneous with time and the laser-induced perturbation on the lower and upper
vibrational levels of the laser transition is treated as part of the initial condition. Ar, CO,
CO2, N2, O, Ha, He, and H2O may be specified as bath gases. In total, roughly 80 vibra-
tional levelsand 14,000 energy transfer processes are used. Thisoperation is performed by
the FORTRAN77 code MKINPF [98].

C.4.3 Energy Transfer Rates and CHEMKIN

To enable implementation using the CHEMKIN interface and solver, and vibrational
energy transfer rates are given by curves fit to experimental or computational transfer rate
data from a variety of references. Rates of stimulated absorption and stimulated emission
are aso fit to curves. The CHEMKIN interface provides reverse reaction rates for colli-
sional processes so as to satisfy detailed balance.

Since thousands of energy transfer processes are needed to accurately describe the en-
ergy transfer resulting from the numerous collision combinations, the curve-fitting process
is applied only to transfer processes involving low-lying levels, and SSH theory [30] is
used to scale the curve-fit rates for processes involving higher levels. Using this approach,
curve fitting need only occur for arelatively small set of energy transfer processes (~25),
but rates are generated for thousands of combinations of colliding molecules. The FOR-
TRANT77 code MKTHERM.F [98] aso performs the SSH scaling and generates a .MEC
mechanism file which is used by the CHEMKIN interface. The CHEMKIN interpreter and
solver [46] has also been modified to account for the large number of species and reac-
tions [98].
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In general, when there are multiple processes which cause energy transfer of a certain
nature, mechanisms that are always negligibly slow are omitted. For example, since mul-
tiquantum transitions tend to be slow in the low-lying vibrational levels of diatomics[99],
they may be ignored and it may be safely assumed that changes of multiple quanta occur as
amulti-step process. For example, the process CO(5) + CO(0) «<» CO(3) + CO(2) would
not be treated as occurring in one collision, but rather as a two step process. CO(5) +
CO(0) «» CO(4) + CO(2), followed by CO(4) 4+ CO(1) < CO(3) + CO(2).

C.4.4 Vibrational Energy Base Transfer Rates

This section lists the sources and curve fit parameters for the base energy transfer pro-
Cesses.

V-T and intermodal V-V Energy Transfer Rates

These rates are for collisional processes where the vibrational energy of one molecule
changes, but the vibrational energy of the other molecule does not.

V-T equilibration of N » Rates calculated in Ref. [100] (using M = N) are used for the
N2(v) + M < Na(v — 1) + M process. These rates are consistent with the experimentsin
Ref. [101].

V-T equilibration of CO Rates calculated in Ref. [102] (using M = CO) are used for
the CO(v) +M <« CO(v — 1) +M process. These rates are consistent with the experiments
in Refs. [101, 103].

V-T equilibration of O  Rates calculated in Ref. [104] (using M = O,) are used for the
O2(v) + M < O2(v — 1) + M process. These rates are consistent with the experimentsin
Ref. [101].

V-T equilibration of the asymmetric stretch mode of CO, Ratescalculated in Ref. [50]
(usingM = Nj) are used for the CO2(v1, v}, v3)r +M <> COZ(v1, vh, v3—1)r +M process.



APPENDIX C. VIBRATIONAL ENERGY TRANSFER 116

V-T equilibration of the symmetric stretch mode of CO, The CO»(v1, v'2, v3)r +M <
CO2(v1 — 1, v'z, v3)r + M process for direct V-T equilibration of the symmetric stretch is
ignored, with the assumption that the close coupling between v1 and v, modes combined
with the fast V-T equilibration of the vo mode makes indirect V-T equilibration through
the v» mode (e.g., 10°0, — 0220 — 010 — 00°0) much faster than direct equilibration
(10°0, — 00°0) [50].

V-T equilibration of the bend mode of CO, Experimenta rates from Refs. [105-107]
for the CO(v1, vh, v3)r + M < CO(v1, vz — 171, v3)r + M process match well with
Ref. [50] and the results from [105] are used. Rates are similar for collisions with Oz, N>,
and CO [106], but the Ar V-T rate is approximately 8 times slower [105] and the H,O V-T
rate ismodeled as being 90 times faster. The water enhancement is estimated based on the
water enhancement of the equilibration of the bend mode of H,0 [49].

Near-resonant exchange between Fermi-resonant and other near-resonant levels of
CO, Thetemperature dependence of therates calculated in Ref. [50] (usingM = N) for
the COz(v1, vh, v3)r + M <> CO2(v1, vy, v3)r 41 + M processis used, but the magnitude

of theratesin Ref. [50] is divided by two so as to better match the experimental values of
Refs. [70, 97].

Intermodal deexcitation of the asymmetric stretch mode of CQ Rates calculated in
Ref. [50] (using M = Ny) are used for a number of Avg = —1 processes, the fastest of
whichis CO2(v1, vh, v3)r +M < COp(v1+1, v+ 41, v3— 1)y + M. Ratesfor collisions
with Ar are ten times slower [55] and collisions with H,O are modeled as 90 times faster.
The water enhancement is estimated based on the water enhancement of the equilibration
of the bend mode of H,O [49].

V-T equilibration of the asymmetric stretch mode of HbO TheH>O0(v1, v2, v3)+M <«
H20(v1, v2, v3—1)4+M processismodel ed as having the samerrate as the equival ent process
for COo.
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V-T equilibration of the symmetric stretch mode of HbO The H>O(v1, v2, v3) + M <
H2O(v1 — 1, vp, v3) + M process is modeled as having the same rate as the Avz = —1
process for CO».

V-T equilibration of the bend mode of HoO Experimental rates from Refs. [49] for the
HoO(v1, v2, v3) + M <> H2oO(v1, v2 — 1, v3) + M process (using M = Ar) are used. Rates
for collisionswith N2 and H2O are enhanced by factors of 1.4 and 125, respectively [49].

Intermodal V-V equilibration between symmetric and asymmetric stretch modes of
H>,O Duetothenear-resonance of the v and v statesof H,0O, the H,O(v1, vo, v3)+M <«
HoO(v1 + 1, vp, v3 — 1) + M process is modeled as having the same rate as the exchange
of energy between Fermi-resonant statesin CO».

Intermodal V-V equilibration between stretch and bend modes of HO Datain the
literature is sparse for the V-V processes which equilibrate the stretch modes of H>O with
the bend mode; however, Ref. [49] indicates that these processes are on the same order as
V-T relaxation of the bend mode. Thusthe rates of the H,O(v1, vz, v3) + M < H2O(v1 —
1, v2+ 2, v3) + M and H,O(v1, v2, v3) + M <> H2O(v1, v2 + 2, v3 — 1) + M processes are
assumed equal to therate of V-T relaxation of the bend mode.

V-V Energy Transfer Rates

These rates are for processes in which both colliding molecules undergo a change in
vibrational level, typically because of a near-resonance between energy gaps. In this sec-
tion, v is used as before to denote vibrational quantum numbers, | is used to denote axial
spin momentum, and r is a ranking index for Fermi-resonant levels; for clarity, the level
of the second molecule will be described using w, ¢, and q to denote vibrational quantum
number, axial spin momentum, and ranking index respectively.

Intramodal Relaxation of CO Rates calculated in Ref. [102] are used for the CO(v) +
CO(w) <> CO(v—1)+CO(w+ 1) process. Theserates are consistent with the experiments
in Refs. [108, 109].
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Intramodal Relaxation of N> Rates calculated in Ref. [100] are used for the Na(v) +
No(w) <> Na(v — 1) + No(w + 1) process.

Intramodal Relaxation of O, Rates calculated in Ref. [104] are used for the Ox(v) +
O2(w) <> O2(v — 1) + Oz(w + 1) process.

Intramodal Relaxation of the asymmetric stretching mode of CQ Ratesmeasuredin
Refs. [34, 35, 110] are used for the CO2(v1, v, v3) +CO2(w1, wh, wa)q <> CO2(v1, vh, v+
1) + CO2(w1, w5, w3 — 1)q process.

Intramodal Relaxation of the symmetric stretching mode of CQ@  Ratesfor the CO»(v1, v'2, v3)r+
CO2(w1, wh, w3)q <> COL(v1 + 1, v, v3)r + CO2(w1 — 1, wh, w3)q process are assumed
egual to the intramodal relaxation rates for the asymmetric stretch [110].

Intramodal Relaxation of the bending mode of CQ@ Rates for the CO2(v1, v'2, v3)r +
CO(w1, wh, wz)q <> CO2(v1, v2 + 1'*1 vg) + COx(w1, wp — 172, wg)q process are
assumed equal to the intramodal relaxation rates for the asymmetric stretch [110].

Intramodal Relaxation of the modes of HO Because the V-T rates for H,O are so
large, intramodal relaxation may be safely ignored.

CO-N; V-V transfer Rates calculated in Ref. [111] are used for the CO(v) 4+ Na(w) <
CO(w — 1) + No(w + 1) process. These rates are consistent with the experiments in
Refs. [112, 113].

CO-0O, V-Vtransfer TheCO(v)+Oz(w) <> CO(v—1)+O2(w+1) processfor CO-Oy
V-V transfer may safely be ignored dueto itslow rate [114].

CO-Hy V-Vtransfer TheCO(v)+Ha(w) <> CO(v—1)+H2(w+1) processfor CO-H
V-V transfer may safely be ignored dueto itslow rate [101, 115-117].
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N2-CO;, V-V transfer Rates calculated in Ref. [50] are used for the CO2(v1, v'z, v3)r +
Na(w) < CO2(v1, vh, v3+ 1)r + Na(w — 1) process.

CO-COy V-V transfer Experimental ratesfrom Refs. [33, 109, 118, 119] are used for the
CO2(v1, vy, v3)r + CO(w) <> COp(v1, v, v3 + 1)y + CO(w — 1) process.

CO-Ho0 V-Vtransfer Experimental ratesfrom Refs. [112, 120] are used for the HoO(v1, v2, v3)+
CO(w) < H2O((v1, v2 + 1, v3)) + CO(w — 1) process.

C.4.5 Vibrational Energy Transfer Rates—Curve Fits

The rate k [cmd/s] of all vibrational energy transfer processes were fit to the following
form:
k= ATBexp(—C/Ty), (C.1)

where A[cm®/g], B [unitless], and C [K] arefitting parameters. Inall casesthetranslational
temperature Ty, dictates the VET rates. The curve fit values for base V-T reactions are
summarized in Table C.1, and the curve fit values for base V-V reactions are summarized
in Table C.2.

C.4.6 Integration and Fluorescence Yield Calculation

The CHEMKIN interface creates output files for each vibrational level, which are then
post-processed into a single file by the FORTRAN77 code COMBINE.F [98]. Once the
excited state populations have been collected, fluorescence quantum yield or fluorescence
yield (depending on the nature of the laser-induced excitation) can be straightforwardly
calculated as a function of temperature by the FORTRAN77 code CONSOLIDATE.F [98]
according to Equation 2.4 or Equation 3.2.
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V-T Process Alem3s B CIK]
N2(1) + M < N2(0) + M 28¢44 872 588
O2(1) + M < 05(0) + M 1.4e-32 531 -331
CO(1) + M < CO(0) + M 1.3e-22 257 -1389

C0,00%1 + M <« CO,00°0+M  25e20 125 75
C0,0110 + M < CO,00°0+ M  86e25 377 144
C0O,10°0 + M <> CO0220+M  9.4e-14 057 -138
CO,00°1 + M < CO,11%0, + M 25e-19 143 -473
CO,00°1 + M < CO,10°, + M 4.3e20 1.48 240
CO,00°1 + M « CO,0110+M  6.0e19 068 131
H,O(001) + M <> H,O(000) + M 25e20 125 75
H,O(100) + M <> H,O(000) + M 25e20 125 75
H,0(010) + M <> H,O(000) + M  4.0e13 000 O
H,0(100) + M <> H,O(001) + M  9.4e-14 0.57 -138
H,O(001) + M <> H,0(020) + M  4.0e-13 000 O
H,O(100) + M <> H,0(020) + M 4.0e-13 000 O

Table C.1: Base ratesfor various V-T energy transfer processes.

V-V Process Afem3s B CIK]

CO(1) + CO(0) <» CO(0) + CO(1) 12e-11 -0.38 -142
N2(1) + N2(0) <> N2(0) + Na(1) 50e-18 135 -58
O2(1) + 02(0) <> O2(0) + 02(1) 2917 112 37

C0,00°1 + CO,00°0 «» CO,00° + CO,00°1 1.2e10 0.00 O
C0,10°0 + CO,00°0 «» CO,00° + CO,10°0 1.2e10 0.00 O
C0,0110 + CO,00° «» CO,00° + CO,01'10 5.7e-11 0.00 0
N2(1) + CO(0) <> N2(0) + CO(1) 75e18 135 -5
CO,00°1 + N»(0) <> CO»00° + No(1) 99e-12 -041 -46
C0,00°1 + CO(0) <> CO,00°0 + CO(1) 3.0e18 184 173
CO(1) + H,0(000) <> CO(0) 4+ H,0O(010) 57e16 100 O

Table C.2: Baserates for various V-V energy transfer processes.
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