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Collisional Quenching Corrections for Laser-Induced
Fluorescence Measurements of NO A°Z*
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Quantitative combustion diagnostics using laser-induced fluorescence require a knowledge of energy transfer
and quenching rates at elevated temperatures. Such information is critical both for experimental design and for
subsequent reduction of measured signals to measurements of temperature and species concentrations. We
present the resuits of a study of electronic energy transfer in NO A’Z*, These results are cast in the form of
empirical correlations which have been developed to facilitate the practical applications of quenching correc-
tions. The choice of particular functional forms for these correlations is based on a classical collisional model of
the process. This model has been calibrated against an extensive set of measured cross sections. Results are pre-
sented for a number of species of interest in combustion and aerothermodynamic applications.

Introduction

O effectively use laser-induced fluorescence (LIF) techniques

to study turbulence-chemistry interactions it is essential to be
able to accurately correct the measured signal for variations in
flowfield properties. Such corrections are practical for single point
measurements since the requisite flowfield data can be measured
by, for example, laser Raman scattering.! For multipoint measure-
ments it is most often not possible to gather the data needed for
such corrections on a flow-stopping timescale. Thus to interpret a
planar laser-induced fluorescence image as representing a particu-
lar flowfield property requires a model for the fluorescence signal
to properly select a suitable excitation/detection strategy.

Nitric oxide (NO) is an important combustion-generated pollut-
ant as well as a key tracer species for laser-induced fluorescence
flowfield diagnostics.2> A relation for the NO fluorescence signal
can be developed by observing the following: when the laser spec-
tral energy flux is sufficiently low, a two-level steady-state ap-
proach describes the signal as long as rotational repopulation of
the pumped state is reasonably fast*; the effects of multiple absorb-
ing transitions are important owing to the relatively strong pres-
sure broadening and dense rotational absorption spectrum exhib-
ited by NO; and, the present experimental evidence suggest that
the electronic quenching cross section for NO is independent of ro-
tational level.5-7 In these limits and for broadband detection, the
total fluorescence observed during the laser pulse is written as

Sty = ConlpA/ [A+Q(x, P DI Y, {f5(TIBi8: (1, P, TN}

X XnoP 7 kgT 6))

where the summation is over all transitions i which are excited by
the laser. Here C,, is a collection of constants which describe the
optical system, E,, is the total laser energy per pulse, and A and B;
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are Einstein coefficients. The signal dependence on local thermo-
dynamic conditions is through the Boltzmann population fraction
J3i(T); the line shape function g; which is a convolution between
the laser and absorption spectral profiles; the NO number density
AnoF/kgT, and the electronic quenching rate Q(,,P,T). Here yno
is the NO mole fraction and the 7, are the mole fractions of the
perturbing species. The total time-integrated signal must also in-
clude fluorescence that is collected after the laser pulse, e.g., Sy =
Spr 1 + 1t (A + Q)] where 1, is the laser pulse width. Thus, the
measured signal has a complicated dependence on local tempera-
ture, pressure, and the distribution of collision partners as well as a
direct dependence on the number density of the absorbing species.

In most combustion applications the fluorescence signal is colli-
sion or quenching dominated, that is, A << Q. In this limit and for
excitation of an isolated absorption line the field variable depen-
dence in the fluorescence signal has the functional form

SLf o< fBi (T) g, (Xp’ P, T) XN0/<VN0 (T)){{c (Xp, ) @
Here we have invoked the definition of the quenching rate Q
= < V5o << G >>PJkgT where < vyg > = (8kgT/nmyo)Y?, and
<< 6(x,,T) >> is a total electronic quenching cross section. This
cross section is given by
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(o DN =D 2, (1 +my/m) * (o, (D)) 3
V4

where the summation is over all perturbing species p. The magni-
tude and temperature dependence of the thermally averaged elec-
tronic quenching cross section is perturbing species specific and is
defined by << 6, >> = < vG,(v) >/< v >. Here G,(v) is the relative
velocity dependent cross section obtained by integrating the proba-
bility of quenching over the collision impact parameter b. The
thermal average is taken over a Boltzmann distribution of collision
velocities. Measured values of the NO quenching cross section are
strongly species specific and display dramatically different tem-
perature-dependent behavior.58-13

The line-shape function contains a similar dependence on the
collisional bath through the effect of pressure-induced broadening
and shift. That is,

g = J 8 {AV, v} 8, {AV (D), Av (X, P, T),
Av,

v, (X P T), vy} dv C)
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Here, g, is the laser spectral profile as a function of the spectral
width and center frequency, Av, and v,, respectively. The quantity
&, is the absorption line shape as a function of the line center fre-
quency Vv,; the Doppler width is Avy = v(8 b2kgT/myocH)V%
and the pressure width and shift are Av,; = 2PZy,y,(7) and dv,; =
PXy,8,(T), respectively. The summations are over all perturbing
species and, like the quenching cross section, the pressure broad-
ening and shift coefficients y,; and 8,;, respectively, are perturbing
species as well as quantum state specific.

When the composition and temperature of the medium is well
known, the measured fluorescence signal can be corrected to extract
a particular flow variable (e.g., absorbing species mole fraction).
However, when fluorescence diagnostics are applied to turbulent
reacting flows the gas composition and the temperature are often
unknown. In such situations it is desirable to select a particular
pump/detect strategy to be able to interpret the signal as having a
predominant or at least a determined dependence on field variables.
In either case, a knowledge of the species- and temperature-depen-
dent collisional energy transfer cross sections is required. In the fol-
lowing we present a summary of measured NO A%Z* (v’ = 0) elec-
tronic quenching rates. A model for the NO quenching process' is
employed to select an appropriate functional form for the tempera-
ture dependence to report the cross sections as analytic correlations.
This model is used to extend the measured values to higher temper-
atures and to describe quenching of NO AZZ* (v/ > 0).

Quenching of NO A%+

A reasonably successful picture for NO quenching is one of
electron transfer via an ion-pair intermediate.’* This harpoon or
curve-crossing model takes quenching as proceeding by electron
transfer from NO A2X* to the collider M, followed by ion-ion re-
combination to form an NO X?I1-M covalent pair. The initial elec-
tron jump occurs at the intersection between the NO4-M covalent
and the NO*-M~ ionic surfaces (note, we introduce the subscripts
to denote the NO neutral electronic states for notational simplic-
ity). This ionic surface in turn makes an inner crossing with the
NOyx-M covalent surface on the repulsive wall. The crossings of
the ionic surface with the NO4-M and NOx-M surfaces can then act
as efficient entrance and exit channels for electronic quenching.

The harpoon mechanism can be used to formulate a direct ex-
pression for the probability for quenching and thus can yield pre-
dictions for the absolute species- and temperature-dependent
quenching cross section. At a basic level, the harpoon model pre-
dicts a radius r, for transfer to the ion-pair surface that can be used
to estimate a geometric cross section (e.g., O = 7ir,2). The value
for this radius is largely determined by the value of the adiabatic
electron affinity of the collision partner. At this radius, a Landau-
Zener formalism can be used to determine the probability for
quenching as a function of the radial velocity, the mixing of the
electronic states, and the overlaps of the ion-neutral vibrational
wave functions. In this form the harpoon process can be parame-
terized by three characteristic velocities: the most probable ther-
mal velocity, v = (2ksT/)'/?; a velocity associated with the change
in kinetic energy in reaching the outer crossing, vg = [2(¢©)(r) —
Q(r))/u]? where ¢X(r) is the neutral-neutral potential; and vy,
that radial velocity which gives a 1/e probability of not transferring
an electron (hence the term curve crossing). The variation in the
cross section with temperature is largely determined by the relative
magnitudes of these three characteristic velocities.

We have numerically evaluated the full expressions for the
quenching cross sections for a combined harpoon and collision-
complex mechanism. We find that the harpoon quenching behav-
ior of collision partners can be reduced to the following five gen-
eral classes.

1) The first class is species having negative ions which are un-
stable toward autodetachment on a collisional timescale. For ex-
ample, the affinity of H, is nearly —3 eV, which is comparable to
the autodetachment width of the negative ion, H, 2%}, The large
negative value for the affinity as well as the very short lifetime of
the ion results in a prediction of a negligibly small cross section for
quenching by H, at thermal energies. The same behavior is pre-

dicted for the noble gases, CF,, SiF,, and many of the fully satu-
rated hydrocarbons; that is, the entrance channel for electron trans-
fer is energetically inaccessible and the negative ion is unstable
toward autodetachment on the collisional timescale. Species in this
class are predicted to have negligible quenching cross sections.

2) The second class is species having negative ions that are sta-
ble on a collisional timescale but having relatively negative affini-
ties as well as large negative ion polarizabilities, e.g., N, and CO
with measured affinities of —1.925 and —1.375 eV, respectively.
These affinities are sufficiently negative to present an energy bar-
rier to the harpoon mechanism since r, is on the repulsive wall of
the NO,-M surface. At 120w temp2erat2ures, the cross section then
goes as << o(T) >> o wr_ exp (~v;/v"). At high temperatures, the
slope of this function will substantially increase since vibrationally
excited collision partners exhibit crossings at larger values of r,.

When the harpoon process is poorly allowed or energetically in-
accessible, secondary quenching mechanisms can be important.
For example, NO quenching by CO is predicted to have a near-
zero harpoon cross section at room temperature, however, the
measured cross section is of order 6 A at 300 K (Refs. 6 and 12).
One plausible explanation is electronic to vibrational energy trans-
fer which would operate for CO (owing to a dipole moment of
0.1D) but not for N, or H,. A second example is quenching of NO
AZZ*(v’ = 1) by N,. Electron transfer is strongly allowed for the Av
= 0 crossings of NO, =NO*. However, this channel is barely ac-
cessible (energetically) for quenching by N, at room temperature.
The nondiagonal crossing for NO,(v' = 1) =NO*(v” = 0) occurs at
a larger radius and on a more weakly sloped portion of the cova-
lent potential. The result of including the nondiagonal terms of the
electron donor is a prediction of a factor of 2.3 times increase in
the cross section for quenching of NO4(v’ = 1) over that for
NO4(v’ = 0) by N, at 300 K.

3) The third class is species with moderately negative affinities
and strongly attractive covalent potentials, e.g., H,O and CO,. A
strongly attractive covalent surface can lead to the formation of a
centripetal barrier (located at a radius r;). Collisions with particu-
lar impact parameter and relative velocity pairs can cross this bar-
rier leading to the formation of a relatively long-lived collision
complex. At low temperatures the radius for this process may be
such that r, > r_, whereas at high temperatures, hence large relative
velocities, the converse may be true. Such is the case for quench-
ing by H,O and CO,. For low temperatures the value of the cross
section is dominated by collisional capture leading to a power-law
decrease in the cross section with increasing temperature. At high
temperatures the crossing is sufficiently attractive that the cross
section is constant with temperature. A similar behavior is found
for quenching by SO, which has a large positive affinity and di-
pole moment.

4) The next class is species with moderately positive affinities
and reasonably strong neutral-negative ion vibrational overlaps,
e.g., NO, O,, OH, H, and O. Here, for temperatures in excess of
300 K, the strongly allowed crossing is at a radius such that r, < r..
Thus the cross section is functionally constant with temperature.
As mentioned earlier, the Av = 0 crossings of NO4, =>NO* are
strongly allowed owing to the Rydberg nature of NO A%Z*. When
such crossing are energetically accessible, the model predicts a
very weak dependence of the cross section on the NO A’Z* vibra-
tional level.

5) The last class is species with large positive affinities and/or
weakly allowed ground state neutral-negative ion vibrational over-
laps, e.g., NO, and a number of the halocarbons. Here, crossings
occur at such a large radius that there is a poor overlap of the elec-
tronic wave functions. Electron transfer at the large radii crossings,
which correspond to the low vibrational levels in the collision part-
ner, is only probable for small radial velocities, whereas crossings
that correspond to higher vibrational states in the collision partner,
which are at smaller radii, provide a strongly allowed channel for
electron transfer. Thus the low temperature cross section is ex-
pected to fall roughly as T-! whereas the high-temperature cross
section is expected to be relatively constant. For quenching of NO
A?E* by NO, the harpoon geometric cross section is 344 A2 a geo-
metric cross section with allowance for the neutral-negative ion vi-
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Table 1 Fitting coefficients for quenching of NO A2X*2

M Class ¢y, A2 - ¢y Cp c3 ¢4 T° K Note

Nobles 1 0.0 3001900  °©

CH, 1 00 300,1450 ¢

C,Hg 1 00 300, 813 c

CF, 1 00 300 c

SiF, 1 00 300 c

H, 1 00 300-1900  °©

N, 2 00 088 48 31 160 300-4500 ' =09
2 00 088 49 480 320 3004500 v =0°
2 00 13 44 540 280 300,1900 v =1°

co 2 59 53 70 221 140 3002300 v =09

H,0 3 282 339 015 295 300-2300

CO, 3 542 095 324 0.18 300-2300

N,O 3 590 099 398 0.16 300, 1450, 2300

SO, 3 520 168 0.1 301 300

NO 4 430 3004500  °©

0, 4 251 300-2300 ¢

o) 4 320 1600 c

H 4 120 1600 c

OH 4 820 1600,2300  °©

NH 4 580 NA ed

CH 4 1010 NA cd

NO, 5 80 90 054 300, 1450, 1900

8Fits for v" = 0 and 300-4500 K except as noted; T, = 300 K.
bTemparature range for verification to experimental data.
Predicted << O >> # fv') for v €3 in NOg4.

9Fit to full model predicted values.

°Fit to measured values.

brational overlaps gives a value of 42 A?, whereas the measured
values range between 46 A% (Ref. 13) and 90 A2 (Ref. 12).

This classification of the species- and temperature-dependent
quenching behavior has been verified by comparison to experi-
mentally measured cross sections. To a reasonable level the model
is successful at predicting the absolute magnitudes of the cross
sections when the harpoon mechanism is the dominant channel for
electronic energy transfer. This appears to be the case for most of
the collision partners that have been experimentally studied to date
with a particular exception: species having an excited electronic
energy level at or slightly below that of NO A?Z*. This last class of
collision partners may exhibit near-resonant electronic energy ex-
change. Such behavior has been observed for quenching of NO
AZX* by C,H,, C,H,, and NH; (Ref. 16), as well as benzene, tolu-
ene, and CH,l (Ref. 13).

We have considered the asymptotic behavior of the thermally
averaged quenching cross section for the combined harpoon/colli-
sion-complex mechanism.!* For the classes just described, this
analysis suggests the following functional forms:

Class 1
(o) =00 (5a)

Class 2
((O'p)) = cyt+cexp(—c,T,/T) + cyexp(—c,T,/T) (5b)

Class 3
«o,) =co {1+m)exp () + 0 *y(5/3, M} (o)

N=c, (T/T) +¢y(T,/T)’

Class 4
(o) =cg (5d)

Class 5
(o)) =co+ e, (T/T)7 (Se)

In Eq. (5¢), ¥(a,x) is the incomplete gamma function.!> The con-
stants ¢; in Egs. (5) have been determined by comparison to mea-
surements and to numerical predictions of the full model. These
constants along with the applicable temperature range are given in
Table 1. These data and the results of a similar study on electronic
quenching of OH A2X* are also made available as a database which
includes a Fortran routine to evaluate the corresponding func-
tions.!6 Comparison of the model predictions, measured data, and
these correlations are shown for quenching by N, in Fig. 1, CO and
CO, in Fig. 2, and H,0 in Fig. 3.

Heard et al.!” measured the total fluorescence decay rates from
NO AZZ* in a 30-Torr premixed CHy-air flame. Using a radiative
decay rate of 4.55 ps~! and measured temperatures of 1190 and
1680 K, they found total NO quenching rates of 25.5 and 28.5 ps™
at downstream positions of 0.85 and 1.73 cm, respectively. Using
calculated species profiles and estimates for the high-temperature
quenching cross sections they predicted values of 23.1 and 29.7
us, respectively. Using a radiative rate of 4.85 ps™! (Ref. 11), the
measured quenching rates change to 25.1 and 28.1 pus™!, respec-
tively. Using the correlations given in Table 1, we find values of
25.4 and 27.3 ps7l, respectively. Both sets of predictions are
within 10% of the measured values. Compared to the species spe-
cific values cited by Heard et al.,!7 the values here (Table 1) pro-
vide faster rates for N,, O,, and H,O and a much slower rate for
CO,. For the 1680 K case-the prediction increases when the rates
for quenching by H and OH are included (2.1 and 1.45 us™, re-
spectively) to a value of 30.85 ps~.
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Fig. 1 Cross section for quenching of NO AT (= 0) by N, shown as
an Arrhenius plot: dashed line, full model prediction for collisions with
a thermal distribution of N, vibrational states; solid line, correlation to
model; measured values, lRef. 11, O Ref. 6,and [ Ref. 9. The inset fig-
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Schwarzwald et al.'® performed a series of NO quenching mea-
surements in atmospheric pressure flames using picosecond exci-
tation techniques. They studied premixed conditions including a
fuel-lean (¢ = 0.5) CH,-N,O flame at near 2100 K and a fuel-rich
(¢ = 1.92) CH;-air flame at near 1900 K, both doped with a trace
of NO. They determined collisional lifetimes (e.g., T = 1/Q) of 1.7
4 0.3 and 1.5 + 0.3 ns for these conditions, respectively. Assuming
an equilibrium collisional bath (at the reported temperatures) and
using the correlations given in Table 1 we estimate collisional life-
times of 1.67 and 1.58 ns, respectively, which are in good agree-
ment with the measurements.

Implications for NO Laser-Induced Fluorescence
Measurements

We now consider the effect of species-specific quenching on the
NO fluorescence signal. The LIF signal is taken to be given by Eq.
(2), which is appropriate for linear excitation of single isolated
transitions and collision dominated fluorescence. In this limit the
LIF signal is a function of three field variables: T, yno, and the col-
lisional bath. When the total cross section varies weakly or as a
known power law with temperature it may be possible to select a
rotational transition that provides a nearly temperature-indepen-
dent signal over some finite temperature range; hence, the signal
represents a measure of the absorbing species mole fraction. This
particular technique has been used for planar laser-induced fluo-
rescence (PLIF) imaging of OH A2Z* in atmospheric pressure non-
premixed flames.!? Alternatively, by seeding the flow with NO the
LIF signal can be used as a measure of temperature with the as-
sumptions that NO is a conserved scalar and that a simple power-
law temperature dependence describes the total quenching cross
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Fig.3 Cross section for quenching of NO A25*(v'= 0) by H,0. Dashed
line, model prediction; solid line, correlation to model; measured val-
ues, lRef. 12, O Ref. 6, C1 Ref. 9, and x Ref. 8.
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section.® Such limiting cases can provide unique opportunities to
use single-laser LIF and PLIF diagnostics to make measurements
in turbulent reacting flows. In the following we investigate the
variation in the collsional quenching and line broadening under re-
acting flow conditions.

First we consider a nonpremixed reacting flow, specifically, the
case of a strained laminar flame. Resuits are presented as a func-
tion of mixture fraction f, which is a progress variable defined as
zero in pure oxidizer and unit in pure fuel. These calculations are
parameterized by a strain parameter, which is defined for a cylin-
der of radius 7 in a crossflow of velocity U by a = 2U/r. The varia-
tion of species and temperature for a strained laminar CH,-air
flame is shown in Fig. 4. Figure 5 shows the corresponding varia-
tion in the effective species-specific and total quenching cross sec-
tions. Here, the effective cross section is simply defined as the
relative mass weighted cross section; G, = (1 + mNo/mp)”2
<< 6,(T) >>. These values were obtained using the correlation pa-
rameters given in Table 1. On the oxidizer side of the flame (f <
0.0607) one observes a definite change in the slope in the total
cross section. This results from the decreased contribution of
quenching by O, and the strong increase in the contribution from
H,O0 for temperatures below 1000 K. Quenching by OH appears to
be the third strongest term in the region of the flame, whereas
quenching on the rich side is dominated by the. contributions of
CO, and H,O. The quenching goes to zero in the pure fuel. A sim-
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ilar result for a strained laminar H,-air flame is shown in Fig. 6. On
the fuel lean side quenching by OH can contribute as much as 30%
to the total cross section. On the fuel rich side quenching by H can
contribute as much as 20% to the total cross section.

For both the CHy-air and H,-air results we find that the total ef-
fective cross section follows roughly a 706 dependence on the lean
side, but shows a T'? to T!6 dependence on the rich side of the
flame. Because the total NO quenching cross section displays a
strong positive power-law dependence, a direct measurement of
the mole fraction would require pumping of a very high rotational
level. However, excitation of high rotational levels would result in
a severe penalty in signal and may be subject to strong interference
from adjacent transitions. In using a transition closer to the peak of
the rotational distribution, a more appropriate interpretation of the
signal would be as an indicator of NO density (e.g., S; «<pno =
xnoP/kgT).

Figure 7 shows the effective cross sections for quenching of NO
AZZ* for the conditions of a laminar premixed C,Hg-N,-O, flame
(¢ = 0.8 and N,/O, = 3.1) plotted as a function of distance down-
stream from the burner surface. In this flow, once the reaction is
reasonably complete (say, for x > 0.1 cm) the collisional bath re-
mains relatively constant and the temperature decreases with
downstream distance. Thus, effective cross sections are relatively
constant because the cross sections are nearly temperature inde-
pendent (for temperatures over 1000 K). Whereas in the flame
zone, however, the large variation in temperature and composition
result in very steep spatial gradients in the cross section, hence in
the weighting of the LIF signal (e.g., the tempeature and collsional
bath dependence).

Only a limited data base for pressure broadening and shift in NO
A«X is available.??! These measurements suggest that the re-
spective broadening and shift coefficients are weakly dependent
on rotational level and collision partner. Analysis of these data and
the more recent measurements of broadening of NO A<-X by He,
N,, and CO, (Ref. 22) suggest that the broadening and shift of NO
A&X (with the likely exception of that by He) follows a simple
Foley-Lindholm behavior.® Thus, for all perturbers we use the
temperature-dependent relations for 2y and 8 for N, reported by
Chang et al.>! For each perturber, the magnitude of these parame-
ters is scaled by the product of a reduced-mass weighting and a
gas-kinetic cross section. For example,

/2
AV, =Av, (N, T) prchK (1 +myo/m,)!
P
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(6)

/ Ok (1+ My’ )

Here values for the gas-kinetic cross sections Ggg were obtained
from the correlations given by Cambi et al.>*

- TorT T — 7
L total/2 E -0OH ———H B
gof — =i~ Np#CO+H:OH« O **F  ——0  ——N, |
| ——-0, b /TS =——CO 4]
& £ : S —— —— —]
< T wEk LT e i
et L e - CO, " kE_ /I\ ‘‘‘‘‘ - 34
2 l[ [TISV N 54
3 i ]
8 20 A =S i
% 0 0.1 02 _ 08 o4
o -~ 4
s I\ ]
@
z r h
3 10| . B
= 1 _.
()
AN T T T ST T T T T T ]
LT 1
P il el i M el i i W B S Bt
0 0.1 0.2 03 0.4

distance (cm)

Fig. 7 Predicted species specific and total effective cross sections for
quenching of NO AZE*(Y= 0) for conditions of premixed laminar
C,H4-N,-0; flame (¢ = 0.8, N»/O, = 3.1) as a function of distance from
the burner surface. The inset figure shows the contributions of the
minor quenchers.
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Fig. 8 Variation in the laser-absorption line shape overlap integral
for conditions shown in Fig. 4.

Figure 8 shows the spectral convolution integral [Eq. (4)] for an
isolated absorption line and for the strained flame conditions of
Fig. 4. The laser line shape is taken to be a Gaussian and assumed
to be tuned to the absorption maximum for a trace of NO in 1 atm
of N,,. The absorption line shape is taken to be a generalized Voigt
function which includes the effects of Doppler and collisional
broadening and of collision-induced shift. For a relatively narrow
laser line width of 0.1 cm™, a strong variation is found due to both
broadening and shift which also indicates that the field dependence
must also be a strong function of the exact tuning of the laser. This
sensitivity is noticeably reduced for laser line widths greater than
0.2 ecm! except for fuel-lean conditions. Because the reduced-
mass weighted cross sections for all of the major collision partners
are nearly equal, this result is weakly dependent on the collisional
bath. The primary dependence is that on temperature in the colli-
sional broadening and shift. Here, we have considered the effect
on an isolated absorption line. However, the NO absorption spec-
trum is quite dense, thus the effects of adjacent spectral transitions
cannot be properly neglected in evaluating the field dependence in
the absorption overlap integral.

From the model we can make several additional observations:
First, quenching of NO AX* should proceed with a strong ten-
dency to produce vibrationally excited NO X?I1. Thus, little or no
recycling of the population would be expected on the timescale of
a typical laser pulse given the relatively slow vibrational relaxation
rates in the ground electronic state.”> Second, the long range
anisotropy of the attractive potential surface appears to play a fun-
damental role in rotational-level-dependent quenching.’® This has
been observed in quenching and vibrational relaxation of OH A2X*
for low to moderate rotational quantum numbers and for the tem-
perature range of 300-1200 K. A similar effect should operate in
quenching of NO AZZ* but may only be found for low rotational
quantum numbers and temperatures less than 300 K. In LIF tem-
perature measurements rotational-level-dependent quenching rep-
resents a significant systematic error.?’ For LIF of NO this is not
an issue for combustion measurements, but it will be important
when NO is used for measurements in highly expanded supersonic
flows (e.g., in shock tunnels?®). Finally, the cross section and tem-
perature dependence for quenching of NO A?Z* by species other
than those of class 4 will be a strong function of the vibrational
distribution in the collision partner. This is an important issue for
hypersonic testing in shock tunnels where the large amount of NO
produced in the tunnel provides a convenient diagnostic tracer;
however, the flow is often in vibrational nonequilibrium. For ex-
ample, for quenching of NO A%Z*(v’" = 0) by N,, the model pre-
dicts a cross section of < 0.01 A2 at 300 K in equilibrium. How-
ever, for a condition of two-temperature translational-vibrational
nonequilibrium, the model predicts a value of 0.6 A2 for a transla-
tional temperature of 300 K and an N, vibrational temperature of
1200 K.
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Conclusions

We have considered a harpoon mechanism to describe quench-
ing of NO A%Z* by a wide variety of collision partners. When com-
bined with the action of a collision-complex the model is found to
be reasonably successful in predicting both the magnitude and the
temperature dependence of the quenching cross section. The har-
poon quenching behavior has been divided into five categories,
roughly according to the value of the adiabatic electron affinity of
the collision partner. A sixth category was identified as composed
of those collision partners that exhibit a larger cross section for
resonant energy transfer than for harpoon quenching. Based on as-
ymptotic solutions for the combined harpoon and collision-com-
plex mechanisms, a corresponding set of five generic expressions
for the temperature-dependent quenching cross section were pro-
posed. Curve-fit coefficients were provided for a number of spe-
cies which are of interest in combustion and aerothermodynamic
applications.

These data were employed to consider the effect of temperature-
and collision-partner-dependent quenching on laser-induced fluo-
rescence of NO in premixed and nonpremixed reacting flows. At
high temperatures the direct temperature dependence was found to
be quite weak, but the collision-partner dependence was seen as
very strong, in particular due to the action of atomic and diatomic
radicals. The effect of collisional broadening and shift of the NO
absorption lines was also found to introduce a noticeable variation
in the fluorescence signal with temperature, whereas a weak de-
pendence on the collisional bath was observed. Measurements sug-
gest that there is little or no rotational-level dependence on the NO
AZX* quenching cross section for temperatures over 300 K. How-
ever, it is quite likely that such a dependence will be found for low
rotational levels at lower temperatures. The distribution of popula-
tion in the vibrational state of the collision partner was found to
strongly effect the NO A2%* quenching cross section. Finally, the
harpoon mechanism suggests that quenching of NO A%Z* will pro-
ceed with a disposition to produce vibrationally excited NO X°I1.
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