CO, imaging with saturated planar laser-induced

vibrational fluorescence

Brian J. Kirby and Ronald K. Hanson

We present new vibrational (infrared) planar laser-induced fluorescence (PLIF) imaging techniques for
CO,, that use a simple, inexpensive, high-pulse-energy transversely excited atmospheric CO, laser to
saturate a CO, absorption transition at 10.6 pm. Strong excitation by use of a CO, laser provides
increased signal levels at flame temperatures and simplifies image interpretation. Because rotational
energy transfer and intramodal vibrational energy transfer are fast, vibrational distributions can be
approximated by use of a simple three-temperature model. Imaging results from a 425 K unsteady
transverse CO,, jet and a laminar coflowing CO/H,, diffusion flame with temperatures near 1500 K are

presented.

Ifneeded, temperature-insensitive signal levels can be generated with a two-laser technique.

These results illustrate the potential for saturated infrared PLIF in a variety of flows. © 2001 Optical

Society of America
OCIS codes:

1. Introduction

Recent studies have investigated infrared (IR) vari-
ations of planar laser-induced fluorescence (PLIF)
techniques,’? which involve use of an IR laser
source to excite vibrational transitions in IR-active
molecules and IR cameras to collect vibrational flu-
orescence. These studies have included imaging of
CO at isothermal, room-temperature conditions,?!
imaging of CO and CO, in flames,2 and a computa-
tional analysis of linear IR PLIF excitation schemes
for CO and CO,.3 Because IR PLIF measurements
can generate high signal levels that scale linearly
with both laser energy and species concentration,
IR PLIF demonstrates advantages over Raman*
and multiphoton PLIF5-7 techniques to image spe-
cies with inconvenient or inaccessible electronic
spectra. As an example, IR PLIF is unique in that
it provides the ability to image nascent CO, in com-
bustion systems on a single-shot basis; this can be
employed to identify combustion product regions or
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to measure mixing between postcombustion gases
and ambient air or fuel-air charge. IR PLIF can
thus serve as a valuable tool to evaluate combustion
system designs.

In this paper we use a simple, inexpensive, high-
pulse-energy IR gas laser to generate planar laser-
saturated IR fluorescence. As compared with
previous CO, imaging schemes,23 which employed
tunable optical parametric oscillators to excite tran-
sitions in the linear regime, gas laser excitation in the
saturated regime generates a larger PLIF signal at
combustion temperatures and simplifies image inter-
pretation by minimizing inhomogeneities in fluores-
cence yield. We present simple theoretical results
for IR PLIF signal levels in the saturated regime,
evaluate saturation of the absorption transition and
its effects on PLIF signal dependence, and demon-
strate saturated PLIF imaging of CO,.

2. Background

In this section we describe how saturated excitation
simplifies interpretation of PLIF signals, provide a
simple model for the saturated PLIF signal depen-
dence, and support the validity of this model with a
detailed rate equation analysis. When we use an
integrating detector (e.g., an IR camera) and collec-
tion optics with efficiency v, the laser-induced fluo-
rescence (LIF) signal S, is equal to the integration of



the rate of LIF & over the exposure time 7, multiplied
by the collection efficiency:

S, = f " F()dtn,. 1)

0

The rate of LIF from each excited state j is given by
the product of the laser-induced change in the state
population AN;(¢) and the Einstein A emission rate
from that state A;. Summing over all states, we
obtain

S;=, f AN;(¢) A den,. (2)
J Vo

In the linear (weak) excitation limit, the absorption
process does not significantly perturb the system, and
Eq. (2) can be rearranged to separate the processes of
absorption and emission. The number of absorbed
photons N, .., is given by the number of incident
photons N times the absorbed fraction:

p,inc

Np,abs = Np,incnabso-ly (3)

where 7, is the number density of the interrogated
species, ¢ is its absorption cross section, and [ is the
length of the imaged region. The fluorescence quan-
tum yield ¢;, is then defined as the number of emit-
ted photons normalized by N,

,abs*

T AN
brin = E J ﬁAjdt- (4)

J 0 prabs

byp, 18 typically inversely proportional to the rate at
which vibrational energy is removed from the fluo-
rescing species. With these definitions, the fluores-
cence equation can be written as

Sf,lin = Np,incnabsald)linnc- (5)

The format of Eq. (5) provides insight into the effect
of parameters on the fluorescence signal. N, ;.. is
dictated by laser-pulse energy, m. by the collection
optics and camera, n ol by the absorption proper-
ties of the interrogated species, and ¢;;,, by the mag-
nitudes of excited-state emission rates and the
collisional interaction between the interrogated spe-
cies and its environment. In particular, ¢,;,, embod-
ies the effects of the energy-transfer processes with
the bath gas. Successful linear PLIF techniques re-
quire that ¢,;,, be roughly independent of the bath gas
species makeup so that S, can be directly related to
nas by Eq. (5). This is easily achieved for some
species (e.g., CO3). However, for CO,, the rate at
which vibrational energy is removed from the emit-
ting states is orders of magnitude higher for collisions
with H,O than it is for collisions with other species;
thus ¢, varies significantly as a function of the H,O
mole fraction in the bath gas. This makes interpre-
tation of CO, concentration based on the linear IR
PLIF signal difficult in combustion environments.

We have applied saturated excitation as a means of

avoiding the complexity of signal interpretation for
PLIF of CO, in the linear regime. When the tran-
sition is saturated with a high-pulse-energy laser, the
upper- and lower-level populations are driven to be
equal (when we neglect differences in state degener-
acies) and are thus roughly constant throughout the
pulse. For saturated fluorescence, it is therefore
more convenient to use the fluorescence yield U,
which is defined as the number of emitted photons
normalized by the number of absorbing molecules
NV in the irradiated volume:

l‘—'sat = E J.T szj(t) AJdt (6)

J 0 nabsV

Note that U5, is an overall fluorescence yield, defined
as fluorescence photons per molecule of the interro-
gated species, in contrast to &y;,, which is a fluores-
cence quantum yield, defined as fluorescence photons
per absorbed photon. With this definition, the fluo-
rescence equation takes a simple form:

Sf,sat = ‘l"satn’absvnc‘ (7)

Because for isobaric flows we are most often inter-
ested in mole fractions rather than concentration, we
can use the definition of the mole fraction (x.,s =
Nas/n) and the ideal gas law (P = nkyT) to rearrange
Eq. (7) to show the fluorescence signal as a function of
the mole fraction:

— "M, (8)

Because we can easily calibrate V and m,. experi-
mentally, for isobaric flows .,,/T is the only param-
eter that need be calculated to quantify the CO, mole
fraction from the PLIF signal. In Subsections 2.A
and 2.C we show that {.,,/T can show much less
sensitivity to bath gas constituents than ¢;,, and less
sensitivity to temperature than o.

A transversely excited atmospheric (TEA) CO, la-
ser is used in this study as an IR PLIF source to
saturate the P(20) transition of the 00°1 < 10°0;
band of CO, for IR PLIF imaging (see Ref. 8 for CO,
vibrational state notation). The energy-transfer
processes relevant to 10.6-pm excitation are shown in
Fig. 1. Although a full description of the state-to-
state energy transfer including rotational energy
transfer (RET) and vibrational energy transfer (VET)
can be used for precise calculations of 5.,,, an inves-
tigation of the characteristic rates of energy transfer
for this system shows that this system is approxi-
mately described by a simple three-temperature
model. The structure of the CO, vibrational mani-
fold and characteristic rates of VET processes are
discussed in the Subsections 2.A and 2.B and moti-
vate Subsection 2.C on the three-temperature model
that is used to explain the dependence of the IR PLIF
signal with temperature.
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Fig. 1. Vibrational manifold showing energy-transfer processes
for CO, during and after laser excitation at 10.6 pm on the P(20)
line of the 00°1 < 10°0; transition. Notation to the right of each
state follows the convention of Ref. 8 and notation to the left of each
state follows the convention of Ref. 9. &;,,.. corresponds to the
characteristic rate of intermodal energy-transfer processes that
equilibrate v with the other modes; &;,,,., corresponds to the char-
acteristic rate of intramodal energy-transfer processes that equil-
ibrate v, and v, alone. kggr is the rate at which the lower and
upper rotational states of the laser transition equilibrate with the
rotational bath.

A. CO, Vibrational Manifold

The vibrations of CO, are coupled and anharmonic,
exhibit Fermi resonance (between v; and 2v,), and
are in some cases degenerate (v,). Thus the vibra-
tional wave functions are not accurately described by
use of the harmonic-oscillator wave functions, and
the vibrational level notation must distinguish be-
tween Fermi-resonant levels and levels with different
angular momentum.® Despite their spectroscopic
importance, however, these details can be ignored for
calculations of energy transfer among the lower vi-
brational levels because they do not significantly af-
fect state populations or transfer rates. Detailed
calculations in Subsection 2.C confirm that a
harmonic-oscillator analysis is accurate for calcula-
tion of fluorescence yield.

For the purposes of evaluating laser-perturbed
state distributions and the fluorescence yield U, we
assume that the vibrational energy levels of CO,, are
described by four independent and harmonic vibra-
tional modes (nondegenerate v; and v5, doubly degen-
erate vy). For each vibrational mode, we define a
characteristic temperature 0 such that the product of
the Boltzmann constant k5 and the characteristic
temperature are equal to the vibrational energy spac-
ing.10  For CO,, ©, = 2000 K, O, = 960 K, and 05 =
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 vibra-
tional energy the vibrational level possesses at each
vibrational frequency. Furthermore, because each
mode is treated as being independent, it can be con-
sidered to have its own energy distribution that is
unaffected by the distribution of the energy of other
modes. For example, the distribution of v5 quanta
among the CO, molecules is treated as independent
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Fig. 2. Important energy-transfer rates as a function of temper-
ature for CO,. We calculated k.., assuming dE/d¢t = 2.5 X 108
J/s and sheet dimensions of 500 pm X 4 cm. For the line-shape
convolution integral, the laser was modeled as a 300-MHz Gauss-
ian.

of the distribution of v; or v, quanta and, if Boltz-
mann, can be described with a vibrational tempera-
ture T.

B. Characteristic Rates

The three-temperature model discussed in Subsec-
tion 2.C is motivated by the relative magnitudes of
the characteristic rates of (1) laser pumping, (2) equil-
ibration of the rotational state distribution with the
translational temperature, (3) intramodal equilibra-
tion of individual modes, (4) equilibration of v, with
vy, and (5) intermodal equilibration between the vq
mode and the other modes. These characteristic
rates are plotted in Fig. 2 as a function of tempera-
ture for CO.,.
The characteristic rate of laser pumping is

it A, 9)

klaser =

where dN/d¢ is the instantaneous rate of incident
photons and A; is the cross-sectional area of an ide-
alized top-hat sheet waist. ;... is the characteris-
tic rate at which CO, molecules in the 10°0; level are
pumped to the 00°1 level.

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

kror = >, ki = 2mcv,. (10)
j=1
J#L

Here the summed RET rate is assumed proportional
to the HWHM collisional broadening coefficient of the
pumped line v, (cm™ 1) times the speed of light ¢



(em/s). k;_,; is the rate of transfer between rota-
tional states i and J:

k

COy(, i) + M ——COy(v, /) + M. 11)

Elastic dephasing and rotation—rotation interactions
were ignored in Eq. (10) because elastic dephasing is
anegligible contribution to broadening, and rotation—
rotation considerations are not required to satisfac-
torily describe RET in CO,.11-22

Characteristic rates of intermodal and intramodal
energy transfer are defined with prototypical energy-
transfer reactions for CO,. Because v; and v, be-
have to a good approximation as a single mode, we
group near-resonant energy transfer between v, and
v, with intramodal processes for purposes of this dis-
cussion. The transfer among the 10°0;, 10°0;, and
0220 levels is the most important intramodal process
for the 10.6-p.m pumping scheme; and the rate of the
C0,(0220) + M <> C0O,(10°0;) + M reaction is taken
as ke, the rate characteristic of intramodal equili-
bration for display in Fig. 2. Intermodal equilibra-
tion among the v; mode and other modes occurs
primarily through CO,(00°1) + M <> CO,(11°0;) + M
and similar reactions, all of which are much less ef-
ficient.23:2¢ This sum of intermodal energy-transfer
rates is plotted as k.., in Fig. 2 as representative of
intermodal equilibration.

C. Three-Temperature Model

Because of the relative magnitudes of the rates
shown in Fig. 2, the most convenient interpretation of
the laser-induced state distributions is a three-
temperature model that employs the harmonic-
oscillator approximation. This model will lead to a
relation for the fluorescence yield Y, as a function of
temperature.

The magnitudes of the rates shown in Fig. 2 imply
that the five temperatures (T, Tyo, 11, T, T's) are all
well defined and collapse to three independent tem-
peratures that define the nonequilibrium (laser-
perturbed) vibrational distribution. RET is fast, so
the rotational distribution in each vibrational level is
Boltzmann with a well-defined rotational tempera-
ture equal to the translational 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 because RET couples
them to the lower states of the laser transition.
Rapid intramodal relaxation implies that each vibra-
tional mode has an individual Boltzmann distribu-
tion and therefore a well-defined temperature.
Furthermore, energy transfer between the v; mode
and the v, mode is fast (hence T'; = T,) because of the
accidental degeneracy between v, and 2v,. From
these observations, we can conclude that 7', T, T,
T,, and T are all well defined; furthermore, T, = T
and T; = T5. Thus only three independent param-
eters (T, T, T5) are required to describe the laser-

r?

generated nonequilibrium rovibrational distribution
in the CO, molecules.

In addition to being a compact descriptor of the
vibrational level population distribution, the vibra-
tional temperature is conveniently related to the IR
emission rates because of the dependence of emission
rates on the vibrational level. Thus vibrational tem-
peratures, in addition to being well defined, are the
most compact and useful parameters to describe
PLIF signal levels. For each vibrational mode, the
emission rate of photons at the fundamental energy
k0 can be related in a straightforward manner to
that mode’s vibrational temperature T.;. We note
that the Einstein A coefficients for fundamental emis-
sion from level v to level v — 1 in a harmonic oscillator
are proportional to v:

Ay—)U—l = UA’ (12)

where A = A, _,, is the rate of emission from v = 1 to
v =0 (A ~ 420 s ! for the v; mode of CO,). For
simplicity, we assume that emission rates are inde-
pendent of the rotational state. Then, the ensemble-
averaged emission rates corresponding to
fundamental (Av = 1) transitions are given as a sum
of the emission rates for each vibrational level,
weighted by each level’s population fraction N,/N:

N, N,
Apg= FAH_I => N vA. (13)

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

e =Fkg0, (14)

and similarly the ensemble-averaged energy per mol-
ecule e;;, in a harmonic-oscillator mode is given by a
population-fraction-weighted sum of vibrational level
energies:

N
ey = >, — kgv0. (15)

> N
Because Egs. (13) and (15) have the same functional
form, the ensemble-averaged emission rate per mol-
ecule corresponding to single-quantum emission can
be shown to be proportional to the energy in that
vibrational mode:

Cyib

k®’

Equation (16) thus relates the fundamental emission
from a vibrational mode to the energy contained
within that mode.

Given Eq. (16), the emission rate can be related
directly to temperature. The energy of a nondegen-
erate harmonic-oscillator mode can be written as a
function of the mode’s vibrational temperature©:

_ k0O
Eib exp(0/Ty;,) — 1 '

A=A (16)

amn
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From Egs. (16) and (17), the average fundamental
emission rate per molecule for a vibrational mode can
be described as a simple function of the vibrational
temperature T';,:

1
A=A . 18
ws = A p(0/ Ty — 1 (18

Equation (18) can be used to describe the fluores-
cence yield ¥, in terms of the laser-induced change
in the v5 temperature T's. Before laser pumping, the
system is at equilibrium at temperature 7', and the
translational, rotational, and vibrational tempera-
tures are equal: T,. =T, = 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-pm photon re-
moves one molecule from the 10°0; level (which has
one v; quantum of symmetric stretch energy) and
places it in the 00°1 level (which has one v; quantum
of antisymmetric stretch energy). Thus the laser ex-
citation causes the v; mode to lose energy and the vq
mode to gain energy, and during laser excitation 7';*
<T,* <Tg*. The effect of the laser is to generate a
nonequilibrium 7'5* with an attendant increase in
emission at 4.3 pm.

If the laser-perturbed v; temperature 7'5* is as-
sumed constant throughout the pulse, the fluores-
cence yield iy, can be written simply as the
difference between laser-perturbed and ambient
emission rates multiplied by the exposure time :

lbsa\t = (Aavg,T3* - Aavg,T)T- (19)
Thus the fluorescence yield is given by

1 1
exp(03/T5%) — 1 exp(©/T) — 1]
(20)

l1bsat = AT

Note that the term in brackets is the increase in vy
mode energy per molecule caused by laser pumping,
normalized by the vibrational energy spacing kz0s;.

Because the pulse energy is high and %,,.., > Zinter
simple results for the laser-perturbed v4 temperature
T53* can be obtained when we ignore vibration-to-
translation and intermodal vibration-to-vibration
transfer and assume that the excitation fully satu-
rates the transition. In this case, the laser drives
the populations in the 10°0; and 00°1 levels to be
equal. Assuming harmonic oscillators, the vibra-
tional population fractions f of the 10°0; and 00°1
levels are simple functions of the vibrational temper-
atures and the total vibrational partition function
Q.;ip (Ref. 10):

exp(—0,/T:*)

00, = , (21
Fao o Qi
_ *
oy = exp(—0;/T5%) ' (22)
Qvib
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Fig. 3. Predictions of the three-temperature model for the laser-
pumped v; mode temperature [7'5*, (K)] and the fluorescence yield
[Weat> (Photons per million CO, molecules)] as a function of initial
temperature.

Because the populations in the 10°0; and 00°1 states
are equal during strong laser excitation, from Egs.
(21) and (22) we infer that, under conditions of laser-
induced saturation, ©5/7T5* = ©,/T,*. With this re-
lation, a straightforward analysis leads to a relation
for T5* as a function of T' (see Appendix A). Results
for T and s, are shown in Fig. 3.

The results above are independent of bath gas con-
stituents and have a temperature dependence that,
although significant because the transition occurs be-
tween excited states, is easily calculated a priori.
Saturation of the absorption transition minimizes la-
ser intensity dependence because stimulated emis-
sion competes with stimulated absorption.
Collecting laser-prompt fluorescence (i.e., collecting
fluorescence only during the laser pulse) minimizes
VET rate dependence because the upper vibrational
level population during the exposure is controlled by
the saturated excitation, and vibrational level dy-
namics play only a second-order role. Thus U, is
essentially unaffected by the efficiency of VET mech-
anisms that deplete the upper vibrational level.
This independence with regard to VET rates is in
contrast to ¢;,, which can be inversely proportional
to excited-state deexcitation rates, and makes satu-
rated excitation an attractive way to simplify PLIF
signal interpretation.

Detailed VET modeling confirms the quantitative
accuracy of the three-temperature model and its sim-
plifying effect on the interpretation of PLIF signal.
The detailed VET model discussed in Ref. 3 (approx-
imately 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 i, as a function of flow parameters. Results for
pure CO, are shown in Fig. 4, which compares pre-
dictions from the simple three-temperature model
with results of two detailed calculations. These cal-
culations show that the three-temperature model
successfully matches the fluorescence signal pre-
dicted by a detailed VET model; the approximations
of the three-temperature model (vibrational modes
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fraction as predicted by the three-temperature (3-T) model and a
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shown for both 1 J/ecm? (corresponding to typical PLIF experi-
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that are independent and harmonic, 7, = T, T\, =
T...) are thus shown to be accurate.

In addition to confirming the validity of the three-
temperature model, the detailed rate equation model
predicts the variation of the IR PLIF signal with laser
power or changes in the collisional bath. Laser flu-
ences corresponding to those used experimentally (1
J/cm?) generate an IR PLIF signal that is almost
completely saturated—within 15% of the signal level
for completely saturated (infinite-fluence) excitation.
With CO, laser pumping, the signal is not strongly
affected by changes in laser intensity, CO, mole frac-
tion, or H,O mole fraction that affect VET rates by
one or two orders of magnitude.? Evidence of this is
presented in Fig. 5 in which variations of CO, and
H,0 mole fractions that lead to orders of magnitude
difference in VET rates are shown, in the presence of
strong excitation, to have only minor (+15%) effects
on IR LIF signal levels. Thus saturated excitation
techniques can be applied confidently to flows with
large variations in CO,, Ny, or H,O levels that would
render uninterpretable the LIF signal resulting from
linear excitation.

3. Experimental Setup and Techniques

The basic experimental setup shown in Fig. 6 is used
to demonstrate the utility of TEA CO, laser excita-
tion and confirm the validity of the previous analyses.
The CO, laser (Lasertechnics Blazer 2000) generates
pulses at 10.6 pm 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 ™%,
with small contributions (10%) from the P(18) and
P(22) transitions at 945.980 and 942.383 cm !, re-
spectively. These contributions come 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-ws) tail [see
Fig. 9(b) for a graphical representation]. The P(20)
line output is gain narrowed to 300 MHz.
Fluorescence was imaged through 4.1-4.5-pm in-
terference filters onto one or two 256 X 256 InSb
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Fig. 5. IR LIF signal normalized by CO, mole fraction for satu-

rated excitation of CO,. Effect of (a) CO, and (b) H,O mole frac-

tions.

cameras (Santa Barbara Focalplane SBF 134) with a
quantum efficiency of 0.85, a variable exposure time
(minimum 300 ns), and a 14-bit dynamic range.
Only one camera is required to generate the IR PLIF
image; however, in flows with luminous backgrounds,
a second camera is triggered before the laser pulse
and is used to record and subsequently reject flow
luminosity that is present in the absence of laser
excitation. Details of dual-image techniques have
been described previously.225 Because the IR PLIF
signal in the saturated limit is proportional to the
sheet thickness, IR PLIF images of the flow field are
also normalized by averaged reference images of a
uniform-concentration isothermal flow field. This

imaged

sheet region

pe |c7:1

2

InSb
camera

5J at 10.6 ym

InSb
camera

Fig. 6. Experimental setup for saturated IR PLIF measurements.
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Fig. 7. CO, IR PLIF imaging of an unsteady transverse 425 K
CO, jet in an air coflow.

normalization induces small (5%) errors because of
imperfect saturation, particularly in the extreme spa-
tial and temporal regions of the laser sheet where the
irradiance approaches zero, but otherwise eliminates
spatial signal variations caused by changes in sheet
thickness.

4. Results

IR PLIF imaging has been demonstrated in two flows.
For imaging experiments, we expanded and formed
the CO, laser output into a sheet using aluminum-
coated or BaF, optics. Sheet thickness was 570 pm
at the focal point with an effective Rayleigh range of
3 cm. Local laser fluence throughout the images
varied by a factor of 2 because of laser spatial profile
nonuniformity, sheet focusing, and laser attenuation.
Spatial resolution perpendicular to the laser sheet is
estimated to be 1200 wm and is due in part to satu-
ration effects (which give the spatial distribution of
the LIF signal a larger FWHM than the beam-waist
FWHM). For the 11 cm X 11 c¢cm images here, in-
plane resolution is limited by optical aberrations and
pixel cross talk and is estimated to be 1400 pm.
This resolution, corresponding to a spatial dynamic
range of 80, is typical for images collected with our
camera systems.

PLIF images are presented for two simple test
cases. As alow-temperature demonstration, we im-
aged an unsteady transverse 425 K CO, jet (d = 7
mm) in an air coflow using a two-camera technique;
background luminosity is quite minor (S/B = 20) for
this flow but was nonetheless removed with the sec-
ond camera. Exposure times of 2 ps were used.
The background image was triggered 4 s before the
PLIF image, giving an overall temporal resolution of
6 us. A sample result is shown in Fig. 7. The peak
signal-to-noise ratio for these single-shot images is
typically 50, and the minimum detectable concentra-
tion at 425 K, 1 atm is 2.7 X 10'7 molecules/cm?
(1000-parts per million mole fraction). Signal in
these images is proportional to the CO, mole fraction
and lbsat/ T.
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In addition to visualization of low-temperature
mixing processes, IR PLIF imaging with a CO,, laser
is capable of visualizing high-temperature flows.
CO, was imaged in a flame fueled primarily by a 50%
CO and 50% Ar mixture (2% H, added for stability).
A single-camera technique was used in this case be-
cause the flow was steady and the images at the
camera framing rates (in this case 20 Hz) could be
reliably subtracted. To minimize flame luminosity,
the camera was exposed for the first 1 s of the laser
pulse. Results are shown in Fig. 8. The peak
signal-to-noise ratio for single-shot images is typi-
cally ~6, and the minimum detectable concentration
at flame conditions is 1.4 X 107 molecules/cm? (2%
CO, mole fraction). Again, signal levels in these im-
ages are proportional to the CO, mole fraction and
Yoot/ T-  For the temperatures typical of nascent CO,
as measured in this image, 5.,/ 7 is roughly indepen-
dent of temperature.

As indicated above, pumping an excited state leads
to a fluorescence signal with appreciable temperature
dependence. Although this effect is moderate for
images of nascent CO,, mixing processes with vary-
ing temperatures and cold CO, regions motivate the
design of excitation schemes with a flat response to
temperature. This can be achieved when we com-
bine optical parametric oscillator (OPO) pumping of
the 20°1;; < 00°0 transition at 2.0 wm with the CO,
laser pumping of the 00°1 < 10°0; transition at 10.6
pm, as is shown in Fig. 9. Experimental realization
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of the 2.0-pm pumping scheme is discussed in Ref. 3.
The OPO excitation pulse (approximately simulta-
neous with the start of the CO, laser pulse but only 6
ns in length) effectively increases T';*; fast coupling of
the 20°1;; and 10°0 states by intramodal energy
transfer then leads to an increase in signal. De-
tailed calculations indicate that experimentally con-
venient fluences can be chosen such that /7T is
roughly constant with temperature over the range
3002200 K. We confirmed this by measuring
single-point LIF signals at a constant mole fraction
(which are proportional to yg,/7T) as a function of
temperature and comparing them with the results of
the detailed calculation (Fig. 10). Temperatures up
to 900 K were explored. We focused the laser to a
500-pm waist using a 150-mm ZnSe spherical lens,
and LIF was measured in the potential core of a
heated 10% CO,/Ar jet. As can be seen in Fig. 10,
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-pm
laser pumping is efficient. At higher temperatures,
the effect of the OPO step decreases as the Boltzmann

)
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0.2 . o’ ® measured
0.0

I ' [ ' I ' l ' I
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Fig. 10. LIF signal at constant CO, mole fraction as a function of
temperature for two excitation schemes. Comparison of calcula-
tions with measured results. CO, laser excitation is employed in
the saturated regime. OPO excitation uses fluence of 20 mdJ/cm?
on the R(30) line of the 20°1;; < 00°0 transition. CO, laser flu-
ence of 10 J/cm? is used, although excitation is insensitive to this
value. Experimental results are relative, and a single normaliza-
tion parameter is used to match both experimental sets to the
calculation.

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 Fig. 10 is not achievable by use of
linear excitation.?

5. Conclusions

We have presented new IR PLIF imaging techniques
for CO,, that use a high-pulse-energy TEA CO, laser
to saturate the P(20) absorption transition of the 00°1
< 10°0; band at 10.6 pm. An examination of
energy-transfer rates has shown that all rotational
states of several vibrational levels (10°0;, 10°0;;, and
0220) are pumped indirectly by the TEA laser because
its 2-ps pulse length is long enough to allow substan-
tial RET and VET to occur during the laser pulse.
This energy redistribution as well as fast intramodal
transfer justifies use of a simple three-temperature
model to analyze state distributions. When com-
bined with short exposure times provided by our IR
cameras, the long, high-energy pulse makes the flu-
orescence 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 have been pre-
sented, with minimum detectable concentrations of
2.7 x 10" and 1.4 X 10'" molecules/cm?, respec-
tively. These results demonstrate the ability of sim-
ple, inexpensive TEA lasers to generate high IR PLIF
signals suitable for single-shot, high-signal-to-noise
ratio imaging in a variety of flows.

IR PLIF schemes based on TEA laser excitation
alone generate a signal that increases with temper-
ature. Calculations over the 300-2200 K range
have been confirmed by single-point LIF measure-
ments over the 300-900 K range and show that the
addition of an OPO excitation step at 2.0 pm that
pumps the 20°1;; < 00°0) transition can be imple-
mented to generate a fluorescence yield that is
roughly independent of temperature over the 300—
2200 K range. This technique can be applied
straightforwardly for PLIF imaging.

Appendix A: Calculation of T;*

Recall that, before laser excitation, the system is at
equilibrium at temperature 7, therefore T = T, =
T, =Ts. T,,and T, need not be specified because
Tt =T, and Ty = T;. During laser excitation, the
system is nonequilibrium, so the distribution must be
described by three temperatures (7%, T7%, Ts*).
From conservation of vibrational energy we have

Np,abs

evip™ = ey + T k(@3 — 0,), (A1)

which states that the difference between the vibra-
tional energies during (e,;,*) and before (e,;,) laser
pumping is equal to the number of photons absorbed
per molecule (N, .,./N) times the photon energy
[k(O®5 — O,)]. The number of absorbed photons is
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given by the difference between the v mode energy
during and before the laser pulse:
C k® ROy
P exp(0y/Ty) — 1 exp(0y/T) — 1°
(A2)

The vibrational energies for CO, can be written as
follows (note that v, is doubly degenerate):

p,abs

N B

- k0, 2k 50,
evih = exp(®,/T) — 1 exp(0,/Ty) — 1
k03
N W’ (A3)
oo ha® 250
eyip” = exp(0,/T%) —1 exp(®,/Ty*) — 1
k50

i exp(0;/T5*) — 1 i (A

Equations (A2)—(A4) can then be substituted into Eq.
(Al). Using both T',* = Ty* and T5*/04 = T,%/04,
we obtain
0, N 20, N 0,
exp(0,/T) =1 exp(0,/T) =1 exp(03/T) — 1
_ 0, N 20,
exp(03/T5*) =1 exp(0;0,/0,T5*) — 1
+ O
exp(05/T5*) — 1 '
Equation (A5) can be solved for 7'5* as a function of 7',

and Eq. (20) can then be used to predict the fluores-
cence yield.

(A5)
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