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Abstract. Excitation and dispersed laser-induced fluoresoften the fluorescence appears along with photochemical in-
cence spectra oEHB?X v =0, 1 in methane flames are terference, Rayleigh, Mie, and Raman scatterings. In other
analyzed using rotational relaxation models to investigateases, the sample self-absorption might preclude the use of
their applicability for flame diagnostics. The existence ofthe strongest bands. The fluorescence quantum yield usu-
non-predissociative and highly predissociative rotational levally varies with quenching, which depends on temperature,
els in the same vibrational state provides a unique scenarmmmposition, and pressure. Two methods to reduce the colli-
to test the effects of rotational relaxation in laser-induced flusional effects are saturation and competitive predissociation.
orescence measurements. Using a statistical power gap lauorescence saturation has the inconvenience of loss of spa-
for rotational relaxation modeling, we find that the levelstial resolution because of the so-called “wing” effects. Com-
with collision-free lifetimes as short af00 pshave appar- petitive predissociation is only available for selected states
ent fluorescence yields larger than expected because of thé a few moleculesOH Av' = 3 being the most common
extent of rotational relaxation at atmospheric pressure. Alsaexample [3, 4].

vibrational ¢’ =1 to v/ = 0) and electronic energy trans- Different schemes have been used @i planar laser-

fer B2X v =1 to A2A) are competitive, and together are induced fluorescence measurements, taking advantage of the
half the value for the total collisional removal rate from availability of three different electronic transition8,—X,
CHB?2x~v = 0. The measured electronic energy transfeB—X, and C—X, in the near ultraviolet and visible. In the
branching ratio intdA (v' = 0— 3) depends on the initial ro- A—X system, diagonal approaches pumping the (0,0) band
tational level pumped, and energy gap considerations can lae common [2,5-8], but they might suffer from Rayleigh
used to explain these propensities. The combination of meaand Mie scattering problems because excitation and de-
urements and model calculations finds the excitation of théection are in the same spectral region. In some cases,
CHB?Y~ v =1, N =8 level a good candidate for laser- the scattering problem has been reduced by using inter-
induced fluorescence quantitative measurements in flamesfatence filters; collecting fluorescence from the Q branch

atmospheric pressure. after pumping either the R or P branch [5, 8], but the sig-
nal is decreased B80% and fluorescence polarization effects
PACS: 42.62.Fi; 34.50.Ez; 33.80.Gj; 33.20.Lg might be large [9]. Off-diagonal schemes have been de-

veloped to overcome these problems. Paul and Dec [10]
pumpedA—X(1,0) and detected the (1,1) and (0,0) bands.
The A—X(1,0) band has an oscillator strength about 1000
1 CH laser-induced fluorescence in combustion times smaller than that of diagonal bands [11], requiring
diagnostics high laser powers to reach workable signal levels. Namazian
et al. [12] excited the (0,0) band and observed the (0,1)
In combustion diagnostics, th@H radical is studied because band; this approach faces the possible problem that 2%y
of its role in the formation of prom@lO and as a means to of the fluorescence is emitted at this band. Moreover, Ra-
locate either flame fronts or hydrocarbon reaction areas. Thiman scattering signals from species li€&l, overlap with
radical was the first combustion intermediate to be studiethis low intensity fluorescence signal. Finally, Bergeman
by laser-induced fluorescence (LIF) [1] and the second bt al. [13] excited the (0,1) band and detected the (0,0).
planar laser-induced fluorescence (PLIF or 2-D LIF) [2].In this case, the (0,1) oscillator strength is about 40 times
Excitatiorydetection schemes in these experiments generallgmaller than that of (0,0) band. Unfortunately, this scheme
determine the quality of the final data. Many different fac-suffers from a high temperature dependence of the signal
tors are relevant, and the choice is often a compromise amomgcause the population i@H Xv” =1 changes abruptly
all the variables. Signal level is always important, but quitewith this factor. Also, the population in” =1 is only
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5% to 15% of that inv” =0 in the temperature range of tion onset. The present work deals with levels excited be-
1300-2200K yond the predissociation limit. First, we reanalyze data from

TheC—X system possibilities for PLIF have been investi- laser-induced fluorescence excitation scans used for the de-
gated by Hirano and coworkers [14, 15]. TBatate is highly termination of predissociation rates. We show that the appli-
diagonal [16], as in the A state case [17]. It predissociates ination of the rotational relaxation model brings experimental
all rotational and vibrational levels, and the predissociatiorand calculated predissociation rates @HB2X~ v =0, 1
rate is fast enough to compete with quenching rates typicahto even better agreement. Second, we investigate the fea-
of combustion environments at atmospheric pressure [18, 19§ibility of performing laser-induced fluorescence (LIF) in
Exciting the (0,0) band, the fluorescence was collected in twthe predissociative levels dEHB?X~ v = 1 for combus-
different ways; from the (0,1) band, and from the-X (0,0) tion diagnostics at atmospheric pressure. We evaluate the
transition, which is produced by electronic energy transfeeffects of rotational energy transfer (RET), vibrational en-
C — A [20]. Both methods minimized scattering and back-ergy transfer (VET), and electronic energy transfer (EET)
ground optical emission effects. However, the former schemapon the fluorescence yield &8HB2X~ v =1 for this
collects only0.5% of the fluorescence [16], and the latter application.
might depend on temperature, pressure, and composition be-
cause very little is known about tig— A collisional trans-
fer mechanism. Exciting th€—X (1,0) band and collecting 2 Experimental
the (1,1) and (0,0) fluorescence, has the advantage over the
(0,0) — (0, 1) scheme, because the predissociation is thregll the laser-induced fluorescence data were recorded in hy-
times faster i’ = 1 than inv’ = 0 [19], and the amount of drocarbon flames, but with two very different collisional con-
total signal will be larger with the (0,0) and (1,1) fluorescencelitions. The first set of data was collected for previous experi-
collection. ments, aspects of which have been published [11, 17, 25, 26];

The B state is slightly different from the A and C states.a CH,;/0O, flame with an equivalence ratio of 1.08 &f orr
First, it is very shallow, with only two bound vibrational lev- in a Mckenna burner is the target system. Tld was ex-
els. Second, it predissociates through a potential barrier, smted at the position in the flame at peak of its number density
that the predissociation rates vary with rotational level andlistribution. A dye laser pumped with a Nd:YAG (tempo-
can be very fast. ThB—X system has been used by Carterral width 6 ns spectral bandwidtk: 0.2 cni2, vertically po-
et al. [21] and Klein-Douwel et al. [22] in PLIF experiments. larized) is used to excit€H in the B—X (0,0) and (1,1)
They excited theB—X (0,0) band and collected light in the bands. The fluorescence was detected with monochromators
B—X (0,1) andA—X spectral region. The percentage of flu-and photomultipliers, and the signal was either time inte-
orescence emitted by tiige-X (0,1) band is abolB.5% [17].  grated or over some gate width or time resolved with a tran-
The electronic energy transfBr— A has been measured to sient digitizer. The spectral resolution varied frérb nmfor
be20% of the total collisional removal from B [23], and thus the B—X (0,0) and0.9 nm for the B—X (1,1), to 30 nmto
most of the fluorescence collected at atmospheric pressucellect the entire band for the excitation LIF scans. Some
will come from theA—X emission a##31 nm This approach quenching data are taken from GH;/O2/N2 (O2/(N2 +
has been shown to be no more temperature, composition, a3) = 0.3) flame at25 Torr pressure in the same Mckenna
pressure dependent than the direct monitoring of fluorescenterner.
from CH B [24]. The second set of data is from a partially premixed

The vibrational levelv' =1 in the B state shows di- CHa/air Bunsen flame, burning at atmospheric pressure
agnostic advantages ovef = 0. The combination of the at an equivalence ratio of 1.36 in the premixed inner
electronic transition moment variation and large anharcone. TheCH B—X (1,0) transition at365nmis excited
monicity of the state results in an emission coefficient forwith a dye laser Lambda Physik FL-2002 (temporal width
the (1,0) band that is about the same as that of the (1,5 14 ns spectral bandwidttr~ 0.2 cnt?l, vertically polar-
band. The predissociation onset is [dt=7 and the ro- ized), pumped by aXeCl excimer laser Lambda Physik
tational levels most commonly excited for combustion di-EMG 103 MSC. The path of the laser beam through the
agnostics, which areN’ = 7—10 because of their frac- Bunsen flame is imaged, after passing a depolarization fil-
tional populations are nearly temperature independent, haver, onto a spectrograph SPEX 270M/4, 500 nm blaze
collision-free lifetimes of 5, 0.3, 0.06, ar@015 nsrespec- angle) with a gated intensified CCD camera (Princeton In-
tively (see Table 1). These levels are very attractive fostruments, ICCD-576@GRBT, 14 bitsdynamic range, 384
laser-induced predissociative fluorescence applications. 576 pixels, pixel siz&23um). This signal is spectrally dis-
B2x~ v =0, the predissociation appears Mt > 14, re- persed along the horizontal direction of the array. The spectral
quiring too high anN” for practical combustion diagnostics resolution is0.25 nm FWHM (about four camera pixels),
applications. determined from the Hg line at04.6 nm and the instru-

In a previous study, we determined the influence of romental lineshape can be represented by a linear combina-
tational relaxation when non-predissociative levels near theon of Gaussian&0%) and Lorentzian profile20%). The
predissociation limit inCHB2X~ v = 0 are excited [25]. vertical direction in the collected images corresponds to
Using spectral simulation and a model of rotational relaxthe horizontal position along the path of the laser beam,
ation, we found that deviations in temperature determinationshich enables spatial resolution of the fluorescence images.
of nearlyl0% can occur, because a non-negligible fraction ofOne CCD pixel corresponds 80um in the flame, but the
the excited molecules are transferred by collisions to levelgnaging of a test card indicates the spatial resolution of
beyond the predissociation limit. This effect becomes moreur optical collection system is approximately 25 pixels or
important as the level pumped is closer to the predissocicg00um.
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Table 1. Collision-free lifetimes from ex-

periments and calculations f@H Bv' = CHE Experiment Theory
0,1 (in ng V=0
N’ Kumar Luque and Brzozowski [19] Brooks and  Elander Szalay and
et al. [35] Crosley [26] Smith [43] et al. [34] Nemes [36]
14 375+ 40 371+ 10 400
15 160+ 40 130+10 100+20 128 23.7
16 10+5 5.88 1.53
17 13+1 0.495 0.16
18 0.064 0.021
19 001040.002 0.0107 0.004
20 000340.001 0.001
21 ~0.0012
CHB Experiment Theory
vV =
N/ Kumar Luque and Herzberg and Elander Szalay and
et al. [35] Crosley [26] Jones [32, 34] et al. [34] Nemes [36]

6 398480 1.45

7 8+4 4.57 0.267

8 09+0.6 0.270 0.368 0.061

9 0.053 0.066 0.016
10 0014+0.02 0.013 0.0162 0.0045
11 0008+ 0.003 0.0067 0.0047 0.0013
12 ~0.0017 0.0021 0.0015 0.0005
13 ~ 0.0009 0.00055 0.0002

The useful dispersed fluorescence scans span from 380 Laser-induced fluorescence model with rotational
to 470 nm where theB—X (0,0), (1,1), (0,1), and (1,2) as relaxation in the excited state
well as theA—X (0,0), (1,1), and (2,2) bands are readily . .
detected. Composites of three spectra with some overlapyte" €xciting from the ground state k to the excited state level
ping wavelength regions are recorded to cover this rangéi @ manifold of rotational levels each denoted by j, the laser-
Appropriate background images of the dark current of thanduced fluorescence signal is:
CCD camera and of the natural emission of the flame are
recorded and subtracted from the dispersed fluorescence imiF (K ) =Y ni(®) Ak, @
ages. The gate of the image intensifier is set2@® ns i
wide enough to include any excimer laser jitter and min- . Lo
imize the fgllame optical emi)gsion. The WaveJIength axes ofvhere levels other than i are populated by RET. The individ-
the images are calibrated for each grating setting sep&l@! rotational populations; are obtained by the solution of
rately, using known wavelengths of either Raman signal&'€ Set of coupled linear differential equations, assuming the
from O, Np, CHa, or optical flame emission. The sys- optical excitation to be in the linear regime:
tem spectral response in this region is obtained from they,.
branching ratch—X(l,.l)/B—X(l,Z), whlch is known to be — = — (A + Qi+ P)n + Bl (thnk + Z(Rji n). (2)
0.16540.02 [17] but is found experimentally before cor- i
rection to be ®0+0.01. Therefore, the spectral response
varies 20% over the range fromt05nmto 455nm and Here A; is the emission coefficien@; is the quenching rate,
we interpolate linearly to correct the intensities over thisP, is the predissociation rate, all 8T units, nk is the pop-
region. ulation in the ground statd(t) the laser spectral irradiance,

Partially polarized fluorescence is expected fromBheX ~ assumed to be a Gaussian with the known laser temporal
(1,v") bands afteB—X (1,0) laser excitation [27—29]. De- width, andBj; is the absorption coefficient between the lev-
pending on the excitatigidetection geometric scheme, laserels k and i. TheR; correspond to the state-specific rotational
light polarization, and fluorescence degree of polarizationielaxation rates, which are modeled by a statistical power-gap
the effects of polarized fluorescence in dispersed fluorescentav (SPG). This model was introduced by us for CH RET in
scans can be large [9]. In the present experiment, the lasarflame in a previous work [25] and shown there to be slightly
light is vertically polarized and the fluorescence detected ietter than an exponential gap law [30, 31]. With this model,
lv=(1/2)11+(1/2)1;, which is close to the ideal isotropic
distribution liso = (2/3)1. + (1/3)1;. Preliminary measure- EiE>) |IEj—El\ *
ments estimate the degree of po‘l‘arization for theaRline RINi — Nj) = 2N +1)e< ! >a( B, > )
excitation to beP =0.2—0.25 compared to a maximum
value of 0.5 [9]. Calculations for Q lines laser excitation showwhere the first two terms ensure microscopic reversibity.
that intensity deviations by partial polarization of the fluo-is the larger off; andE;, T is the temperatureB, is the ro-
rescence are expected to b&6 or less between R, P, and tational constant of the excited electrofiibrational statea
Q branches. Thus, corrections to the dispersed fluorescenanda are adjustable parameteesdepends on pressure and
scans are not necessary to extract valid information. temperature, but does not.
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Because of the barrier tunneling predissociation mechfable 2. Experimental and calculated excitation LIF intensities for the
anism, first suggested by Herzberg [32], the predissocigcHBv' =0.1P(N) lines at1950 Kand8 Torr pressure
tion ratesP, vary rapidly with rotational number, resulting

in collision-free lifetimes that change almost one order of CMBY =0 Experiment  _ LIF with rotational relaxation model
. . . With Elander et al. ~ With Luque and
magnitude from level to level. Table 1 compiles the avail- lifetimes [34]  Crosley lifetimes [26]
able measurements and calculations. Emission coefficients,
line positions and simulation routines are from the LIFBASE 13 1.00 1.000 1.000
program [33]. 14 0.75 0.715 0.721
15 0.50 0.448 0.462
16 0.11 0.119 0.159
) ) L ) 17 0.01 0.009 0.022
4 CHB<X¥ v =0, 1 predissociation rates reanalysis CHBT =1
-
. L L N’
The predissociation rates were studied in@8hBorr methang c 100 1000 1000
oxygen flame exciting th€H B—X (0,0) and (1,1) transitions 6 0.94 0.824 0.839
in the flame front al950 K at the peak of th&-mm FWHM 7 0:19 0:230 0:340
CH distribution, usindl—2 mm spatial resolution. Rotational 8 0.02 0.019 0.045

relaxation in this flame has been modeled and the SPG param~-

eters that represented the rotational relaxation wetel.2

anda=4x 10’s™!, while the quenching rate was meas-alysis of the excitation scans to obtain predissociation rates,
ured to be8 x 10° s~ [25]. LIF excitation scans provided the the resultant collision-free lifetimes are longer than expected.
data to extract the predissociation rates (see Fig. 1 in [26]). To illustrate this point we modeled the excitation scans
To avoid large influence from RET, an integration gate ofincluding rotational relaxation using two different sets of life-
40 ns relatively short compared to the effective lifetime of times. First, we used those that had been derived assuming
~ 100 ns was used to integrate the fluorescence. Dispersegegligible effects due to RET [26], which overpredicts the
fluorescence scans were also taken with this integration gatsignal intensity for the highly predissociative levels= 0,

For all the levels initially excited by the laser, nearly theN =16, 17 andv' =1, N’ =7,8 (Table 2). Second, pre-
same percentage of the total fluorescence was collected frodissociative lifetimes from Elander’s calculations [34] were
levels populated by RET, leading to the preliminary conclu-used, and the modeled intensities agree wi@o of the

sion that rotational effects were similar no matter the specifiexperimental values. From the simulation results, we con-
pumped level. However, this approximation failed to accountlude that rotational relaxation effects were not totally re-
for the fact that, when pumping a non-predissociative levelmoved from the analysis in our prior work, and that Elander’s
some fluorescence was missing because of the RET beyondlculated predissociation rates are very close to the actual
the predissociation limit. Conversely, when pumping a predisenes. The latter conclusion is reinforced by the experiments
sociative level, there was some additional fluorescence fromf Herzberg [32], Elander [34], and Kumar [35], which show
molecules transferred to lower non-predissociative levels bdifferences of40% or less forv’ =0, N' =19 andv' =1,
RET, and those levels had a much higher effective quanturll’ = 8 — 12. There is another set of theoretical calculations
yield. These opposite effects do not cancel out, and in the afpy Szalay and Nemes [36], but these appear to predict the pre-

1.0 1.0 1.0
0.8 0.8 08
0.6 0.8 4 0.6
0.4 0.4 4 04
0.2 4 0.2 4 0.2
0.0 4 0.0 - 0.0
o 2 4 6 8 10 0 2 4 6 8 10 [} 2 4 6 8 10
Rotational number (N) Rotational number (N) Rotational number (N)
t=10ns t=40ns t=100ns

Fig. 1. CHB—X (1,0) after pumpingB—X(1,1)
Q1(6) in the methangoxygen flame aB Torr,
resolved with 0.9 nm resolution and temporal
gates of 10, 40, anti00 nsfrom the onset of the
signal (eft to right paneld. Experiment issolid
line, model isdashed line The histograms show
the evolution of the time-integrated population

3600 3620 3640 3660 3680 3700 3600 3620 3640 3660 3680 3700 3500 3620 3640 3660 3680 3700
Wavelength (A) Wavelength (A) Wavelength (A)
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dissociation lifetimes three times shorter than all other experi

mental data and calculations. Figure 1 contains the time ew  Exoeriment 04

lution of the fluorescence signal after pumping(§ B—X __ Sxﬁ:::;:g

(1,1) compared to the spectra generated by spectrum simul 02 [
tion and the SPG rotational relaxation model. Although the Q.24 6 8 10

spectral resolution is not high, the model is able to reproduc Q, f“Tt—!—t—i—i—i—ioo ]

the experimental spectra well. 05 25 45 65 85 105

Rotational number (J)

5 CHB v’ = 1 predissociative LIF in P
atmospheric-pressure flames R Wy

LI I L} T T 1

The CH profile in the atmospheric pressure flame is detel
mined to be< 0.5 mmwide from spatially resolved fluores-

cence scans, and Rayleigh measurements together with |
netic model calculations [37] suggest that most of the CH is it
a1700-1900 Ktemperature region. This temperature is com-

Q,(1) Excitation

! L U SV T S

parable to the value measured in the low-pressure experimel 4000 4040 4060 4080 4100 4120 4140

but the composition is different because the atmospheric Wavelength (A)
pressure flame has a large amount of nitrogen in the g¢ . . . —
feedstock.
—— Experiment 0.4 r
—— Simulation [
5.1 Rotational energy transfer Q 24 & 8 o2 i
S S T B A I
Q L
Once the best available set of predissociation rates has be ! 0.0 )

05 25 45 65 85 105

established, we can extend the study to atmospheric pre Rotational number (J)

sure using a few assumptions. Quenching in methagn,
(O2/(N2+ 0O,) = 0.3) flames has been measured only in low- P e )
pressure conditions [38], and the rates across the flame fro

range betwee.44-0.55ps 1 Torr! for B2X~ v =0, and
0.32-0.4 st Torrt for A 2A v/ = 0 with a temperature gra-
dient of 1200-1850 K In a first approximation, the quench-
ing for both states increases proportionally 16T/ T, where
(T1 > T). Rotational relaxation and vibrational energy trans-
fer in CHBv' =0 have been estimated in a methgaie > . . ' -
flame [23]. The steady-state ratio REY is similar to that

found in methangoxygen flames at lower pressures [25, 26], 4020 4040 4060 4080 4100 4120 4140
and we will use the same RET model as in the low-pressur. Wavelength (A)

section of the present work, scaling the paramet@ to Fig. 2. Dispersed fluorescence spectra ®HB—X (1,1) after pumping
keep the same REM ratio at any flame conditions, as has Q:(1), upper panel and Q(3), lower pane] in the methanir flame

T _ at atmospheric pressure resolved w25 nm resolution and total time-
been observed foh v’ = 0 [39]. We also use the same en integrated fluorescence. Experimeswl{d line), rotational relaxation model

ergy transfer parameter values for bath=0 andv' =1  (gashed ling The histograms show the rotational model time-integrated
of B2x~. population distribution

Figures 2 and 3 display the results of the simulation com-
pared with the dispersed fluorescence scans. Agreement is
quite good for all rotational levels, and simple low-pressurdPumping Q(1), we can separate some of the emission com-
data extrapolation seems sufficient for a description of théng from K and F, levels because the;@Q) and Q(1) lines
LIF in an atmospheric-pressure flame. In our first attempt t@are~ 0.3 nmapart. To reproduce the experimental spectra we
characterize RET in low-pressure flames we found the SPBave to place at lea®5% of the population from the simu-
model satisfactory for levels betwedhy' =0, N'=8 to lation model in the initially pumped spin-orbit manifold; we
N’ = 16. However, we had no data for lower rotational levels,assume the other spin-orbit manifold roughly thermalized at
SO0 we were cautious about applying the model to all rota1900 K Analogous propensity for spin-orbit conservation in
tional levels without modifying thex(T) and« parameters a flame environment has been seen in@¢A2 X+ v =2
significantly. This problem has been seen routinely in roomstate [28, 41].
temperature RET experiments in diatomic molecules[31,40]. Comparing the dispersed fluorescence spectra for non-
The present results f8HBv' =1, N’ =1—9 support that predissociative levels (Fig.2) and predissociative ones
rotationally independent parameters and a simple model cqfig. 3), we observe that RET is important in both cases.
give a fair representation of RET B?X . It should be noted For predissociative levels such &v' =1, N’ =8, with
that the SPG model gives no information about the-FF,  a collision-free lifetime~ 0.35 ns there is additional fluo-
transfer. However, experiments show that most of the poprescence because part of the transfer populates levels below
ulation remains in the initially pumped spin-orbit manifold. the predissociation onset. Those levels have a fluorescence

Q,(3) Excitation

At P
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! T A — J - Table 3. Methan¢air flame calculated rotational fluorescence yields for
- 04 CHBv =1 at atmospheric pressure and two different temperatures
-—— Experiment ’ and energy transfer models. The temperatures 120 K and 1900 K
—— Simulation The corresponding model parameters are- 2.5x 10° s~ Torr! and
02 Q= 3.80‘>§ 10;‘ s1 at 1900K and a=21x10¥s1Torr! and Q =
A 3.04x10° s+ at 1200 K CHB (v' = 1) lifetime = 420 ns[19, 44]. Fluo-
Q,(8) Excitation 00 rescence yields are multiplied d?
05 25 f"s 65 85 105 Bv=1 Fluorescence quantum yields
02 2 4 6 8 10 Rotational number (J) (N’ No RET RET
01 2 4 6 8 10 T=1200K T=1900K T=1200K T =1900K
PrmmT1 T 1 T T T ]
T 0 7.88 6.30 3.85 2.64
R 1 7.88 6.30 3.82 2.61
n 2 7.88 6.30 3.75 2.55
J 3 7.88 6.30 3.66 2.48
I 4 7.88 6.30 3.51 2.37
5 7.88 6.30 3.31 2.23
6 7.88 6.30 3.02 2.04
7 4.57 3.99 2.46 1.69
; - * ; ; ) ! 8 0.794 0.775 1.25 0.92
4020 4040 4060 4080 4100 4120 4140 9 0.155 0.154 0.34 0.29
Wavelength (A) 10 0.038 0.038 0.077 0.071
Experiment 04 . . L
— — Simulation low and ynacceptable for most imaging applications, whereas
02 N’ =10 is barely detectable.

From a diagnostics point of view, it is important to as-

Q,(9) Excitation sess the fluorescence quantum yield variation due to changes

0.0

05 25 45 65 85 105 in collisional rates, which are usually a function of tempera-

Q24 6 8 10 Rotational number (J) ture and composition_. We model two Qiﬁerent atmosp_heric-

Q, AN . 0 pressure flame conditions (Table 3, Fig. 4): a hot region, at
PrmrT T a—— 1 1900 Kwith quenching).5 s~ Torr~* and a cold region, at
R mT T 1200 K where quenching i9.4 us ! Torr~. The rotational

constant with temperature. In the absence of rotational relax-
ation, the fluorescence yield decrea6% from the cold to

4020 4040 4060 4080 4100 4120 4140 102
Wavelength (A)

Fig. 3. Dispersed fluorescence spectra ©@HB—X (1,1) after pumping
Q1(8), upper panel and Q(9), lower pane] in the methangir flame

at atmospheric pressure resolved w@25 nm resolution and total time-
integrated fluorescence. Experimesol{d line), rotational relaxation model
(dashed ling The histograms show the rotational model time integrated
population distribution

1
A
| model parametea(T) is adjusted to keep the ratio RE]D
|
|

b

1)

d(CHBV

10° |

lifetime of ~ 2-3 nsin atmospheric-pressure flame condi-
tions and thus a larger fluorescence quantum vyield than tt
predissociating levels. The competition between collision:
and predissociation can be understood from the fact th: "
total relaxation rate fronlN’ = 8, X Rg; ~ 10Q, and in atmo- 10%F | —o— NoRET (1200 K)
spheric flame conditions the collisional removal6@% of [ | —=— RET (1900 K)
the total removal rate. FAX’ = 9 and 10 the predissocation [ |~ RET (1200K)
lifetime are0.06 nsand0.015 ns respectively, but collisions
still account for20% and6% of the removal rate from these L I S— P
rotational levels. Avoiding competition with energy trans- 0 2 4 6 8 10
fer collisions at atmospheric pressure for flame diagnostic Rotational number (N')

forces the use of highly predissociated rotational levels with

: : ig.4. CHBv' =1 fluorescence quantum yields calculated at different
very low fluorescence yields. In the present experiment, Fame temperatures with and without the rotational relaxation energy trans-

atmospheric pressure and typical flame CH concentrationgy model.Circle and square symbolsre used to distinguish results with
Bv =1, N =8 is readily detectedN’ =9 signal level is and without rotational relaxation

—e— No RET (1900 K)

Fluorescence Quantum Yie




91

Table 4. Experimental energy transfer ratios for VEY and EETQ after pumpingv’ =1, N’. All levels excited in Q(N’) branch. The last four columns
give the experimental vibrational branching ratio for the EET intoAffeA state

Bv =1(N) E(N') E(N') VET/Q EET/Q A(0)/EET A(1)/EET A(2)/EET A(3)/EET

Averaged

by RET B(1) — B(0) B(1) — A

(cm™b (cm™b

1 Q1)+ Q(D) 23 230 0.23 0.26 0.19 0.52 0.26 <0.03
1D 23 230 0.24 0.25 0.22 0.47 0.28 <0.03
3 138 266 0.26 0.25 0.18 0.51 0.28 <0.03
6 480 388 0.24 0.24 0.13 0.51 0.33 <0.03
7 638 468 0.24 0.22 0.16 0.48 0.33 <0.03
8 817 560 0.24 0.23 0.13 0.46 0.38 <0.05
9 1016 681 0.26 0.25 - - - -
Average 24+0.03 024+0.04 0.17 0.49 0.31 <0.03

the hot region for non-predissociative levels, whereas it willcontribution fromB v' = 0 to A. Using the experimental data
remain basically unchanged for highly predissociative levof Garland and Crosley [23], the EEBv =1 — A trans-

els. Rotational relaxation complicates this simple argumenfer is 24% of the total collisional removal in thBv' =0

In real flame conditions, even when one pumps a level famanifold. The rotational distributions of collisionally popu-
from the predissociation onsetBw’ = 1, the RET promotes lated vibrational levels appear thermalized~aR000 K as

a large amount of populatiorr(50%) beyond the predis- was observed in the analogous experiment [23]. Note that the
sociation limit, thereby lowering the effective fluorescenceransfer is independent of predissociation in the initial state;
yield. When exciting highly predissociative levels, the behavithus, for a rotationally independent energy transfer rate, we
ior observed is the opposite, and the quantum yield is largdind the fluorescence intensity ratiBsv = 0)/B(v = 1) and
than expected if the analysis ignored RET. We find at flamé\ /B(v = 1) the same regardless of the predissociation rate in
temperatures that fal’ = 8 the rotational relaxation effects the initial B2X~ v’ = 1 state (see Fig. 5).

cancel out and the fluorescence yield is close to that with no

RET consideration. Studying the temperature effect, we ob-

serve the fluorescence quantum yield from low temperature t =
high temperature decreases ned6, much more than the
20% expected from quenching considerations alone, and on CH B-X (1,0) Q,(1) Excitation
highly predissociative levels are relatively insensitive to col-
lisional rate changes. Using rotational levels beBw = 1

N’ = 8, the quantum yield will be more sensitive to collisions| B-X(0,0) B-X (1,1) CH A-X B-X(1,2)
than inB v = 0. The least complex choices for flame diag-
nostics inB v =1 areN = 8, 9, or 10, but onlyN’ = 8 offers
enough signal in the present experimental conditions.

5.2 Vibrational and electronic energy transfer

4000 4200 4400 4600
Wavelength (A)
given by the expression: . : r

The analysis of vibrational and electronic energy transfe
compared to total collisional removal froBw' = 0(Qg) is

ETB—~F _ Ir Asi (Qr+ X Ari) @ CH B-X (1,0) Q,(8) Excitation
Qs Ig Ari Qe

where ET is the collisional transfer rate between B and F
states, F is the final state (eithBrv’ =0 or A state),l;

is the fluorescence intensit®; is the appropriate quench-
ing rate (in the A state case, the quenching is weighted b
the vibrational populations), and; is the emission coeffi-
cient for the observed vibrational band. Applying this ex-
pression, we fin®4% VET transfer within theB X~ state sl z

(v=1— v =0). There is30% electronic energy transfer 4000 4200 4400 4600
(EET)Bv' =1 — A2A transfer. No significant rotational de- Wavelength (A)

pendence of these p'rocgsses s Seen- (Table 4). Although, re-_5_ CHB-X and A—X dispersed fluorescence spectra after pumping
Verse process contributions are ne_gllglble to the measur%ﬁ B—X (1,0) Qu(1) and Q(8) in the methangair flame at atmospheric
collisional transfer rates, the vibrational energy transfer tQyressure resolved wita.25 nmresolution and total time-integrated fluores-
Bv =0 is large enough and we have to remove the EETence

B-X (0,0) B-X (1,1) CH A-X B-X (1,2)
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The vibrational energy transf@?X- v =1— v =0
ratio VET/Q was estimated to b8.5% by Garland and experiment.

Crosley [23] after applying the detailed balance principle

tially estimated, and in very good agreement with the present

Garland and Crosley [23] measuréa?2+ 6)% EET/Q

to theBv = 0— v =1 transfer rate value. Reanalysis of for the B (v’ = 0) — A2A process, the same as tl24+
these data using new transition probabilities of Luque an®)% measured fronB v = 1. Those values point out no de-

Crosley [17] brings the value t@2%. Moreover, evaluat-

pendence of EET with vibrational level. We use spectral

ing the amount of population froB v' = 0 transferred to simulation (Fig. 6) to study the vibrational branching ratios.
the predissociative levels in’ = 1, which is nearly50%
at 1900 K; we find that the correct ratio of VEDQ Bv' =

1 — v =0 must be arouné5%, three times larger than ini-

T T

Simulation
Vibrational structure

—— AX(0,0)
— AX(1,1)
------- AX(2,2)

Simulation
Band Structure

CH B-X(0,1)

Experiment

4200 4250 4300

Wavelength (A)

4350

4400

Fig. 6. Dispersed fluorescence spectraGit A—X after pumpingCH B—X
(1,0) Qi(7) taken with 0.25 nm FWHM resolution [ower pane). Simu-
lated spectra showing the—X andB—X (0,1) contributions ¢enter panél ’ - i
Contributions from the A state vibrational levels with population ratios B v =1 in the present experiments. The percentage of trans-
N(0) : N(1) : N(2) 0.22:0.48:0.27. Rotational temperatures ag900 K

(upper panél

Table 5. Calculations for the branching
ratios into the A state populated by elec-
tronic energy transfer (EET) using an en-
ergy gap(Eg — Ea) and overlap integral
(0, ) based models

LIFBASE [33] includes the emission coefficients and predis-
sociation rates. Quenching rates are taken as 0.35, 0.4, and
0.6 us™1Torr ! for Av' =0, 1, 2, according to the observa-
tions by Tamura et al. [38] and Luque and coworkers [25, 42].
The vibrational populations obtained from simulation need
minor corrections by VET in the A state, and by the contribu-
tion of EET fromB v = 0. The vibrational transfer (VE/Q)

in the A state has been fourd10% in flame conditions [23],

SO0 we use the upper value to correct our populations. The
EET fromB v =0 is 20% of the total collisional removal,
and the branching ratio80% A v = 1 and20% v = 0 [23]

are used to retrieve the actual populations. The nascent vi-
brational distribution in A state after EET turned out to be
inverted with averaged ratiobl(0) : N(1) : N(2) : N(3) of
0.17:0.49:0.31: (< 0.03). A simple exponential gap law for
EET can describe the vibrational population ratios.

(Ei-E>)

—BIEf —Eil
R(E; — Ef)=gfe( < )bxe( ) (5)

B is found to bex~ 0.6, b~ 2 x 10’ s7, E; is the energy of
the vibrational level i atN’ = 0, g; is the electronic degen-
eracy of the final state. A vibrational overlap integral model,
substituting the second exponential term by the overlap inte-
gral between the two vibrational levels involved can also be
constructed. Table 5 shows the calculated relative rate con-
stants using the two models for transfer fr@w’' = 0 and 1.
Vibrational overlap model predictions betweBn’ = 1 and
A v = 0-— 3 correlate with the energy gap model predictions,
but there is not enough evidence to support this mechan-
ism for the observed electronic energy transfer. Garland and
Crosley [23] found that the distribution in A state after trans-
fer fromBv =0 is mostlyAv =1 (> 80%), in disagree-
ment with a simple prediction from favorable overlap inte-
grals in the transfer mechanism.

There does appear to be a moderate branching-ratio
dependence on the initially excited rotational number in

fer into v = 0 decreases wittN number;v’ = 2 shows the

B(1) - A®v) Uy’ Eg — Eaw) Energy gap Overlap Experiment
model integral
(cm™Y) (B=0.6) model
1—-0 0.16 4275 0.15 0.24 0174+0.03
1—-1 0.34 1538 0.52 0.51 049+ 0.03
1—-2 0.34 —1006 0.31 0.22 B1+0.04
1-3 0.12 —3331 0.02 0.02 <0.03
B(0) - A(v) Oy’ Eg — Ea(v) Energy gap Overlap Experiment [23]
model integral
(cm™1) (8=0.6) model
0—0 0.79 2480 0.30 0.850 <0.2
0—1 0.18 —257 0.67 0.148 > 0.8
0—2 0.02 —2801 0.03 0.002
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opposite trend (Table 4). This behavior can be understoo@HBv' =1, N' =9 and 10 levels are more resilient to col-
from the energy gap standpoint, because increasing the rbisions but their signal levels are low for typical flame diag-
tational number of the level pumped Biw' = 1 brings the nostics and experiments exciting these levels are expected to
initial population energetically closer #v' = 2 and further be more difficult. Moreover, the high laser fluences needed
away fromA v = 0. Modeling the initial rotational level de- to pump the highly predissociative level = 9 and 10 are
pendence is not straightforward since the rotational relaxatiolikely to produce problems to interpret the fluorescence be-
in Bv' =1 washes out the energy gap effect partially. Qual-cause of the ground state rotational energy transfer effects
itatively correct branching-ratio predictions can be obtainedn the dynamics of the optical pumping as pointed out by
when the populations from the rotational relaxation model ar®othe et al. [29]. In spite of exciting a predissociative level, an
used to calculate the effective rotational energy for the enestimate of the signal level excitiigjy’ = 1, N’ = 8 and de-
ergy gap model. If we apply this principle to the transfer fromtectingB—X (1,1) compared to exciting v' =0, N' =8 and
B v =0, the percentage transferred&a’ = 1 will increase  detectingB—X (0,1) and CHA—X produced by energy trans-
with rotational level excited iB v' = 0, bringing experimen- fer from B v’ = 0, reveals that the fluorescence signal from
tal observations and model calculations to better agreementioth schemes is going to be very similar for equivalent optical
We investigated the energy-transfer dependence on terpumping rates.
perature and flame composition by dividing the CH profilein ~ The (1, 0)/(1, 1) excitatiorydetection CH LIF schemes
two regions with temperatures from 1100 to1700K and are effective to remove Rayleigh and Mie scattering, although
1700 to 2000 K We did not find differences in the ratios some Raman signals can appear along with the LIF. These
B =0)/B({® =1 andA/B (' =1) in the two regions, schemes are less likely to suffer from sample self-absorption,
although the noise in the lower temperature region, whersince most emission is a resonant transition to sparsely pop-
there is little CH, makes this estimation to have an uncerulated levels in the ground state. Also, the laser absorption
tainty of 15%. The constant energy-transfer ratios suggesttrough the sample is less, because the absorption coefficients
that Q, VET, and EET have similar dependencies with temfor the (1,0) bands are smaller than those of the (0,0) bands
perature and composition in both CH A and B. This is anin the CH electronic systems. The fluorescence collection fac-
important practical consequence for LIF applications: fromtors are large, because the emission is detected in strong diag-
(4) we find thatlg is directly proportional tolg, indepen- onal bands. Finally, the population percentage of molecules
dent of the flame conditions, and this validates energy transfawvailable to be excited is at the maximum attainable at flame
schemes for PLIF oifCHBv' = 1, as has been shown for temperatures, because the excitation is from the lowest vibra-
CHBv' = 0 [24]. These schemes must also be corrected btional levelv” = 0, the one always most populated at flame
fluorescence quantum vyield variations in tAe’ = 1 state conditions.
in order to obtain fully quantitative results. Another positive ~ Comparison of the(l, 0)/(1, 1) schemes usingA—X,
consequence is that the additional fluorescence after exciB—X, C—X at atmospheric pressure shows the following.
ing theCHBv' =1 levels can be used to increase the LIFTheC—X (1,0) excitation seems to have a good prognosis at-
signal levels without losing accuracy in the measured CH spaending to overall oscillator strengths and fluorescence quan-
tial distribution. The amount of light from the VET and EET tum yield collisional variations, although the predissociation
producedB—X (0,0) andA—X (v', v’ = v) bands accounts rates and collisional behavior @HCv' =1 are not well
for ~ 26% and27%, respectively, of the total fluorescence known. A—X has the problem of small oscillator strength
between 380 and50 nmin the present flame; thus, the fluo- for off-diagonal bands, and the fluorescence yield variation
rescence signal can be increased a factor of two comparedsbould be jus0% in the rangel206-2000 K Finally, the
the detection of th8—X (1,1) band only. B—X system fluorescence yield variation is comparable to
A—X when the levels pumped ai¢’ = 8 or 9, but the os-
cillator strength is one hundred times larger, which may be
6 Conclusions and implications for flame diagnostics important if laser power availability is a factor and laser ab-
sorption through the sample is not an issue.
We have studied collisional transfer processeskhB v’ =1,
exciting both non-predissociative and predissociative level§cknowledgementIhis work was funded by the Basic Research Group of
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