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Abstract. Total rotational energy transfer rates have been
measured at 1330 K for specific rotational levels in the
OH A%X*, v =0 state in collisions with H,O. Rotational
levels ranging from N'=0 to 15 were studied. Measure-
ments were performed in the post-flame region of a
stoichiometric H,/O,/He flame operating at 25 mbar.
Quenching rates following excitation of individual upper
rotational states were also measured. The RET and
quenching rates both exhibit monotonic decreases with
increasing rotational quantum number.

PACS: 34.00

The hydroxyl radical (OH) has been widely utilized for
Laser-Induced Fluorescence (LIF) measurements in
reacting gaseous flows. This development has been pri-
marily motivated by the important role of OH as an
intermediate species in many chemical reactions, par-
ticularly combustion processes. In addition, the strong
transition strength of the 422" — X2II electronic tran-
sition, the accurate spectroscopic data already measured
for this transition and the availability of powerful UV
lasers make OH an attractive species for LIF diagnostics.
However, difficulties inherent in relating LIF signals to
physical properties of interest (such as temperature and
concentration) remain important limitations on the ap-
plicability of the OH LIF technique for quantitative
measurements. In particular, accurate interpretation of
LIF measurements requires information on molecular
energy transfer rates, including vibrational energy trans-
fer, collisional quenching and rotational energy transfer.

Data on Rotational Energy Transfer (RET) rates are
particularly important for the development of quan-
titative LIF diagnostics. RET acts to redistribute the
population in the laser-coupled levels, replenishing the
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lower state and depopulating the upper state, and thus
delaying the onset of saturation effects. In addition, ther-
malization due to RET in the upper state reduces the
influence of rotational-level-dependent variations in the
quenching and spontaneous emission rates on the LIF
signal. Finally, rate equation models for energy transfer
in LIF, which are required for analysis of experimental
strategies and correct interpretation of fluorescence sig-
nals, require accurate RET data [1}].

Low-temperature RET in the OH 4, v"=0and 1 levels
has been comprehensively examined [2-7]. Both state-to-
state and total RET rates have been measured for a range
of rotational levels and a number of species (“state-to-
state” implies RET between two specific rotational en-
ergy levels, and “total” refers to RET from a specific
initial state to all other rotational levels). However, there
have been relatively few studies of RET rates in OH at
elevated temperature [8-12], the regime of interest for
many applications of LIF techniques (including flame
studies). In the high-temperature studies which have been
performed to date, OH RET has typically been deter-
mined by measuring time-resolved or time-integrated
LIF spectra and then using modelling approaches to
deduce the RET rates. Smith and Crosley [8] measured
temporally-integrated fluorescence spectra in an atmo-
spheric-pressure methane/air flame following excitation
of transitions to rotational levels in the v’ = 0 vibrational
level. Their results, presented as the ratio of the total
quenching rate (denoted by Q) to the total RET rate
(denoted by R) from the laser-excited state, illustrate a
systematic increase in Q/R (the so-called branching ratio)
with increasing rotational level. Stepowski and Cottereau
[9] studied RET from the v'=0 F,(7) level in a low-pres-
sure C;H,/O, flame diluted with nitrogen or argon. Tem-
porally-resolved fluorescence spectra were measured at a
number of temporal delays following laser excitation,
and a three-level model was used to analyze the energy
transfer. Mean cross sections for RET and quenching in
the flame were determined, and the resultant value of
O/ R agreed well with the results of Smith and Crosley [8].
Total RET rates for N, and Ar were also determined.
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The value of Q/R for the v"=0 N"=4 state measured by
Furuya et al. [10] from time-integrated fluorescence spec-
tra in a propane/air flame is also in agreement with the
data of Smith and Crosley [8]. Lucht et al. [11] measured
RET cross sections for OH in collisions with H,O in
30 Torr H,/O,/N, flames. Time-resolved LIF spectra
were analyzed to determine total RET rates for transfer
from the Fy(1), F,(4), F5(5) and F{(10) rotational levels
in the v'=0 level. In addition, the multi-level rate-equa-
tion model of Chan and Daily [13] was used to determine
a set of 34 parameters which could be used to calculate
state-to-state RET coefficients. Finally, Zizak et al. [12]
measured Q/R for a number of rotational levels in three
different hydrocarbon flames using time-integrated flu-
orescence spectra. In addition to these experimental mea-
surements, theoretical calculations of RET rates have
been performed for OH in collisions with Ar [14] and He
[15].

From this review, it is clear that additional informa-
tion on high-temperature OH RET rates are required.
Only Stepowski and Cottereau [9] and Lucht et al, [11]
have determined species-specific cross sections for OH
RET with combustion-relevant collision partners at el-
evated temperatures. In addition, Stepowski and Cot-
tereau [9] measured rates for only one rotational state,
and the scatter in the data of Lucht et al. [11] is too large
to conclusively determine whether there is a systematic
variation in the RET rate with rotational level. Finally,
for the development of accurate scaling-law relations for
RET rates which can be used in dynamic models of
energy transfer, accurate data over a wide range of rota-
tional levels and temperature is needed. Thus, improved
data on OH RET rates are required.

There are two limits in which variations in RET rates
have a relatively small influence on linear LIF measure-
ments. First, if the RET from all levels is very rapid
compared to the sum of electronic quenching and radia-
tive decay, complete thermalization of the population in
the upper state will occur for all excitations, and the
details of the RET process become unimportant. How-
ever, previous studies have shown that RET in OH does
not typically lead to a totally thermal population distri-
bution [8-12]. The second limit where RET variations
have little effect on the LIF signal occurs when the depen-
dences of the collisional quenching and radiative decay
rates on the laser-coupled upper state are weak. This
assumption is often used to simplify interpretation of
LIF signals. However, data on room-temperature
[16-20] and flame-temperature [21, 22} OH quenching
rates and on measured [16, 20] and calculated [23-25]
radiative lifetimes indicate that both deexcitation pro-
cesses are strongly dependent on the upper-state rota-
tional level. Thus, errors in the quantification of LIF can
result. This effect is particularly significant in the widely-
applied two-line temperature measurement technique,
where two different rotational levels are excited and the
temperature is determined by relating the signal to the
populations in the ground states, as has been shown by
Cattolica and Mataga [22]. To date, there has not been
a comprehensive study of both OH RET and quenching
rates as a function of rotational level at elevated tem-
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perature. In the work discussed here, total RET rates for
transfer from a single rovibronic level to all other levels
due to collisions of OH with H,O have been measured
in a low-pressure flame. Total quenching rates following
excitation of individual upper-state rotational levels have
also been measured. Rotational levels ranging from
N'=0 to 15 in the v"=0 vibrational level of OH have
been studied. For this study, a novel technique has been
developed for the measurement of RET and quenching
rates, and this technique will be discussed in detail below.

1 Theory

Laser-induced fluorescence can be analyzed using a rate
equation approach [26, 27]. In general, a multi-level
model which explicitly includes all rovibronic states is
required for accurate interpretation of fluorescence sig-
nals [1, 13, 28]. For the study discussed here, a simplified
rate equation model is sufficient for analysis of the tem-
porally dependent fluorescence signal. This is because we
are only interested in determining the total RET rate
from a particular initial upper state to all other upper
states, and thus the details of the energy transfer within
the latter group of collisionally-populated states and
within the ground state are unimportant. The model is
illustrated schematically in Fig. 1. In the upper state, the
energy levels can be grouped into two categories, consist-
ing of the energy level directly populated by the laser
excitation (denoted by L) and the energy levels which are
collisionally populated via RET (denoted by j). Encrgy
transfer processes considered in this model include laser
excitation and stimulated emission (with rates given by
byl and b, 1), rotational energy transfer from the laser-
coupled state (R;;), back-transfer from the collisionally-
populated states (R;;), RET within the ensemble of colli-
sionally-populated levels (R;; and R;;, i, j# L), collisional
quenching (Q, and Q;) and spontaneous emission (A4,
and 4). The rate equations for the time-dependent popu-
lations N, and N, are

dNL/dt = blLI1rN1_<bLllv+ QL+ AL+ Z RL_)>NL

JEL
+Y RN, 1)
JEL
Ryij —
L —_———— —— |
A -«
“ﬂ "
byl byl @A UU
Q; A,

1
Fig. 1. Energy-level model used for data analysis
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/
dNjdt = RLjNL—\Qj+A,.+RjL+ Y. R; |N;
i#j,L

+ Z RN, (2)

i#f, L

Summing (2) over j removes the terms related to RET
within the ensemble of collisionally populated states. The
result is

dN¢/dt = R N~ Z (Q;T 4;+ RN, )
JEL

where N, denotes the population in the ensemble of
states which undergo RET with the laser-coupled level,
1e.,

Ne(r) = ), Ny, 4)

J#L
and where R, (the total RET rate) is defined as

R, =) Ry (5)
J#L

Ideally, the total RET rate R, from the directly laser-
populated level to all other levels can be measured by
directly observing the decay of the population in the
laser-excited level N,. Unfortunately, such measure-
ments present several practical difficulties. The RET is
typically very fast, especially in the relatively high den-
sities encountered in flames. During the duration of the
laser pulse, the population in the laser-coupled level is
governed by the laser excitation, and so direct measure-
ment of the RET rate during this time period is not
possible. The rapid RET results in significant transfer to
the collisionally-populated levels, and thus once the laser
excitation ends the decay of the laser-coupled level is
influenced by back-transfer. Even if these problems are
avoided (e.g., by using a short-pulse-length laser), the
decay from the laser-coupled level is influenced by the
rate of quenching from this state. Direct measurement of
this state-specific quenching rate is not possible due to
the thermalization of the population by RET.

The total RET rate R; can instead be determined by
solving (3) and integrating from initial time ¢, (usually
taken to be the start of the laser pulse) to final time z. The
result is

Ry = [l/f Ni(r) dl’:{ {[Nc(t)—Nc(fo)]

to

¢ t
+ 3 (Q;FA) fN()dr+ Y Ry [ Ny(£)dr p.  (6)
J#L to J#L to

From this equation it can be seen that R; is initially
dominated by the first term in (6), which represents the
rate of transfer from the laser-excited level into the RET-
populated states. With increasing time, contributions
from collisional quenching and radiative decay, repre-
sented by the second term in (6), and back-transfer, the
third term in (6), become significant. The second term
can be approximated from the exponential decay (with
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time constant 7) of the broadband fluorescence from the
ensemble of upper states following excitation of state
L via the equation

Y (Q+4) [ Ni)Ydr ~ (1/9) | Ne(r) dr. )

J#L

Equation (6) can then be rewritten

Ry = [1/3. Ny(¥) df/:| {[NC(Z)_NC(ZO)]

to

t t
+(1/) [ Ne(@)dr+ Y, Ry [ Ny dr 3. )
to Jj#AL tg
In practice, all components of the first two terms can be
measured experimentally. Only the term related to back-
transfer cannot be determined experimentally. In addi-
tion, the magnitude of the back-transfer term is small
near the beginning of the laser pulse (i.e., near time ¢,).
Thus, the RET rate can be determined by measuring the
first two terms and extrapolating back to time ¢, i.e.,

Ry = lim ([Nc(t)_Nc(Zo)]

+(1/7) j Ne(?) df}/j Ny(¢)d?. ©)

A similar approach has previously been applied for the
measurement of room-temperature state-to-state RET
rates. Note that this measurement technique is not in-
fluenced by the details of the excitation process, and, in
particular, it is independent of the degree of saturation
of the absorption transition.

2 Validation of the Measurement Technique

The measurement technique can be examined in more
detail with the aid of calculations. These computations
were performed using a dynamic multi-level rate equa-
tion model [1] incorporating approximately 50 rotational
levelsin the 4, v"=0 state of OH. A 15 ns long laser pulse
was assumed to excite isolated rovibronic transitions in
the A-X (0, 0) band. In order to simulate a realistic
experimental situation, accurate energy transfer data
were required. The gas composition which would be
encountered in a low-pressure H,/O,/He flame at 1330 K
was computed using a 1-D flame code [29]. The rates for
quenching were calculated using cross sections from Gar-
land and Crosley [30] (for H,0, H, and O,) and Cat-
tolica and Mataga [22] (for H atoms). A complete matrix
of state-to-state RET rates was generated using the com-
bination of available RET data and the Energy-Cor-
rected Sudden-Power (ECS-P) scaling law. This scaling
law allows extrapolation of measured low-T RET rate
coefficients [6, 7] to a wide range of rotational levels and
temperatures, and the validity of the extrapolation has
been confirmed by comparison with measured rates [11]
(a detailed discussion of the scaling law will be presented
in a future publication [31]). At the conclusion of the
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Fig. 2. Model calculations of fluorescence transients for excitation
of the F,(4) and F,(10) levels. These computations have been per-
formed using a full multi-level rate equation model [1]. A realistic
laser temporal profile (also shown) has been used for the computa-
tion

study presented in this paper, the measured rates for
quenching and total RET for OH in the investigated
H,/0O,/He flame have been used to improve the accuracy
of the scaling law fit parameters; note, however, that this
refinement is not significant for the test of the RET
measurement method.

For the validation of the proposed measurement
technique, a computational experiment was performed.
Following laser excitation, the time-dependent popula-
tions for each rotational level in the rotational manifold
were computed using the multi-level rate equation model,
and the corresponding transient populations in the laser-
coupled state and in the states populated by RET were
calculated. These transients were then analyzed (as they
would be in an actual experiment) using (9) to determine
the “measured” RET rate, and this rate was compared
to the initially input value. Agreement between the ini-
tially input and “measured” rates was taken as confir-
mation of the accuracy of the proposed measurement
technique. Computed transient populations are shown in
Fig. 2 for excitation of the F,(4) and F,(10) rotational
levels. The decay rate (=1/t) of the total upper-state
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Fig. 3. Model calculations illustrating the accuracy of the extrapola-
tion technique for determination of the RET rate. Results are
shown for the F,(4) and F,(10) levels. Note the reduced influence
of back-transfer for the F,(10) state

population N, (1) + N(z) can be combined with the time-
dependent populations N, (f) and N(f) and input into (9)
to determine the RET rate. This result is shown in Fig. 3
as the ratio of the “measured» RET rate to the initially
input rate. Comparison of the results for the two different
excitations is illustrative. The slope of the linear fit for the
extrapolation for the F,(4) state is about twice as high as
the slope for the F,(10) extrapolation. This is a conse-
quence of the fact that the magnitude of back-transfer is
greater for the F,(4) excitation than for F,(10). The
back-transfer is greater for this state because the RET
will tend to produce a thermal population distribution
centered around N’=4 (for the input temperature of
1330 K). Note that the RET rate determined via this
method agrees very well with the input rate at time ¢, for
both excitations. Note also that there is a relatively long
time range over which an accurate extrapolation to time
t, can be performed, and that the optimal time interval
may differ for each excitation due to the varying influ-
ences of RET, quenching and back-transfer. The rate equa-
tion model has been used to determine the optimal inter-
val for the linear fit for each rotational level which was
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studied, and these intervals were used for analysis of the
experimental data.

The proposed measurements technique was tested
with the full multi-level model for a range of experimen-
tal conditions. Parameters which were varied included
the rotational level under investigation (from N'=0 to
15), laser temporal profile (from instantaneous excitation
to very long laser pulses), laser pulse energy (from weak
excitation to complete saturation) and branching ratio
(from low to high Q/R). For all of the conditions which
were examined, the measurement procedure described
here was shown to permit accurate determination of
RET rates. In particular, the accuracy of linear ex-
trapolation to time #, (as opposed to extrapolating with
a nonlinear approach) was demonstrated. These results
confirm the accuracy of the measurement technique.

3 Experimental Setup

A schematic of the experimental setup is shown in Fig. 4.
A Nd:YAG-based dye laser system (Quanta-Ray DCR/
PDL/Wex) operating on sulforhodamine 101 laser dye
produced light at 308 nm which was suitable for excita-
tion of single rotational transitions in the OH 4-X (0, 0)
band. The laser linewidth and UV pulse energy were
approximately 1 cm™* and 1 mJ/pulse, respectively. The
unfocussed laser beam (diameter ~3mm) was
propagated into the low-pressure burner at a height of
48 mm above the burner surface (in the post-flame re-
gion), and the fluorescence was observed at right angles
to the laser path. A polarization scrambler was used to
remove the influence of polarization on the spatial distri-
bution of the fluorescence. Light baffles and 10°-angle
windows were used on the laser entrance and exit to
reduce laser scattering.

The flat-flame burner (McKenna Products, 60 mm
diameter, brass plate) was operated with a stoichiometric
mixture of H, and O, diluted with 50% He (flow rates
2.67slm H,/1.33slm O,/4slm He) at a pressure of
25 mbar. Gas flows were metered using calibrated flow
controllers (Tylan FC280S). A feedback-controlled iris

Nd: YAG- dye
Laser ™ laser F8

FD:  frequency doubler

PB: Pellin Broca prism
PS:  polarization scrambler
PM:  photomultiplier

Foo filter
mono~
fP_V <

1 chromator
computer
transient
digitizer
boxcar
integrator

Fig. 4. Experimental setup
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valve (Balzers IB040) was used to maintain constant
pressure in the burner. The pressure in the burner was
stable to within 0.1 mbar.

Several criteria were considered in the selection of
flame conditions. A stoichiometric H,/O, flame provided
simple flame chemistry which could easily be modelled
with a 1-D flame code. Modelling permits estimation of
species concentrations, which can be used to convert
energy transfer rates into cross sections. In addition, it
was necessary to utilize as low a pressure as possible, in
order to lower the energy transfer rates to within the
temporal resolution of the detection system. The mini-
mum pressure was limited by two factors: flame stability
and increasing concentrations of radical species, par-
ticularly H atoms. The addition of 50% He to the flame
permitted reduction of the H,O concentration (and thus
the RET rate), while maintaining sufficient pressure for
flame stabilization. The choice of He as diluent was
dictated by its relatively small cross sections for RET and
quenching. One drawback of the large concentration of
buffer gas is that collisions with He do contribute a
non-negligible amount of RET. The influence of He RET
on the determination of H,O RET rates will be discussed
later.

Determination of the RET rate with the method de-
scribed in the previous section necessitates monitoring of
the ensemble of states which constitute the population
Nc. Unfortunately, direct measurement of the popula-
tion in these states is not possible because the fluores-
cence from these levels is spectrally overlapped with the
signal from the laser-coupled level. This has motivated
the development of a novel technique for the determina-
tion of N¢. This population can be determined from two
measurements: first, by measuring the population in the
laser-excited level (=Ny) via detection of single-line
fluorescence; and second, by measuring the population
in the entire upper state (xN,+ N) via detection of
broadband fluorescence. Then, the time-dependent pop-
ulation N can be obtained simply by subtracting the
population in the laser-coupled level from the total popu-
lation. It should be noted that the narrowband and
broadband fluorescence signals are typically registered
with different detection systems, and thus calibration of
these systems with respect to each other is required in
order to directly relate the signals. The calibration
procedure will be discussed in the next section.

In the broadband fluorescence channel, the spectrally-
integrated LIF signal was collected with two lenses and
focussed onto a photomultiplier. In the narrowband
channel, two mirrors were used to rotate the fluorescence
image by 90°, and a lens focussed the fluorescence onto
the entrance slit of a monochromator (Jobin-Yvon
HR640, 640 mm focal length) equipped with an appro-
priate grating (2400 lines/mm, blazed for 170-500 nm).
Slit heights and widths were 2 mm and 50 um, respective-
ly, resulting in a triangular slit function with a FWHM
of approximately 4 cm™?, suitable for detection of iso-
lated transitions. A photomultiplier was mounted on the
monochromator exit slit. Calibrated UV neutral-density
filters (Melles Griot) were used in both channels to
prevent saturation of the photomultipliers.
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For the registration of time-resolved fluorescence
transients, high temporal resolution was required.
A high-speed PMT (Hamamatsu H3378-01) was utilized
in combination with a high-speed amplifier (Tektronix
7A19) and a transient digitizer (Tektronix 7912AD). The
resolution of the complete detection system was mea-
sured with a picosecond laser system (Heidelberg Univer-
sity) and was determined to be approximately 1-2 ns.
Typically, several thousand single-shot transients were
acquired and averaged to determine one time-resolved
transient. For the measurement of the broadband fluo-
rescence decay, a relatively constant detection efficiency
was very important. If the detection efficiency varies
significantly over the wavelength range of the fluores-
cence emission, preferential detection of elevated or low-
lying rotational levels may occur. This effect may in-
fluence determination of the fluorescence decay rate. The
detection efficiency of the broadband fluorescence chan-
nel was checked and was verified to be roughly constant
over the wavelength range of interest.

For time-integrated fluorescence measurements,
broadband and narrowband fluorescence signals were
detected with photomultipliers and the resulting fluores-
cence signals were temporally integrated and averaged
with boxcar averagers connected to a computer interface
(Stanford Research Systems SR250/SR245). For ac-
quisition of fluorescence spectra, the monochromator
was scanned at 0.0025 nm/s and 30-sample averaging
was used. The boxcar gate widths were approximately
80 ns. Active baseline subtraction (achieved by double
triggering the boxcar averager and alternating the signal
polarity) was used to remove the influence of baseline
drift on the fluorescence spectra. A photodiode observing
the laser scattering was used as the trigger source for the
data acquisition system.

The fluorescence spectra were measured by scanning
the monochromator wavelength over a wide range, typi-
cally on the order of 10 nm. Over this wavelength range,
the detection efficiency of the narrowband detection
system changed, primarily due to variations in the
monochromator grating efficiency and photomultiplier
sensitivity. Accurate interpretation of the fluorescence
spectra requires correction for this effect. The spectral
efficiency of the narrowband detection system was mea-
sured by placing a deuterium lamp at the measurement
location and scanning the monochromator over the same
wavelength range as the OH spectra. The well-known D,
spectrum [32] was then used to accurately profile the
detection system. The results illustrate that over the
range of the fluorescence spectra scans, the detection
efficiency varied linearly by roughly 6%.

4 Experimental Procedure

Measurement of RET rates were performed in several
steps. First, time-resolved broadband (=N, + N;) and
narrowband (~N;) fluorescence transients were suc-
cessively acquired. Then, a fluorescence spectrum was
measured by scanning the monochromator wavelength
and recording the narrowband signal. The spectral loca-
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tion of an isolated transition originating from the laser-
coupled level was identified, and repeated monochroma-
tor scans over this line were also performed. During the
scans of the spectrally resolved fluorescence, the broad-
band LIF signal was measured and was used to nor-
malize the narrowband signal for variations in experi-
mental parameters {e.g., fluctuations in laser power, de-
tuning of the laser from linecenter, etc.). The temporal
position and duration of the boxcar gate relative to the
fluorescence signal were also recorded. The fluorescence
scans were corrected for baseline offset, reference signal
fluctuations and detection efficiency variations. The cor-
rected fluorescence signal for the single transition origi-
nating from the laser-populated level was then spectrally
integrated and combined with the well-known Einstein
coeflicients [25] to determine the sum of the fluorescence
intensities for all transitions originating from this level.
The complete fluorescence spectrum was also spectrally
integrated, and the ratio of the fluorescence from the
laser-coupled level to the total fluorescence intensity was
computed. This result was then used to relate the narrow-
band and broadband transient measurements, by tem-
porally integrating both transients over the duration of
the boxcar gate width. Finally, the narrowband transient
could be subtracted from the broadband transient in
order to determine the time-dependent population in the
collisionally-populated level. The decay rate from the
entire upper state (the sum of quenching and spon-
taneous emission) was also determined from the broad-
band transient. These results were then combined with
(9) to determine the RET rate.

Acquisition of narrowband fluorescence required
identification of isolated transitions for both excitation
and also for observation of the fluorescence originating
from the laser-coupled level. The OH spectrum [33] was
carefully examined to identify spectrally separated tran-
sitions in the (0, 0) band. The excitation and detection
strategies used in this experiment are presented in
Table 1.

Fluorescence trapping may cause measurement er-
rors. This effect was examined by exciting to the F,(4)
state in 4, v"=0. This state was chosen for study because
the N”=4 rotational level has maximum population at
the measurement temperature of 1330 K, and thus the
largest influence of fluorescence trapping will be ob-
served for this level. Fluorescence transitions originating
from this state were detected using the narrowband de-
tection system. A narrow temporal gate (=1 ns duration)

Table 1. Isolated absorption and fluorescence transitions in the OH
A-X (0, 0) band

Level Absorption Fluorescence
F(0) Py,(1) Pi,(1)

F,(4) 5:(2) R,(3)

F,(5) 8:1(3) R,(4)

F,(7) S1(5) Qx(7)

F,(10) 5:(8) Q,(10)
F,(12) S.(10) P,(13)
F,(15) R,(14) P,(16)
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was positioned at the initial rise of the laser pulse to avoid
detection of fluorescence from overlapping collisionally-
populated levels. The ratio of fluorescence signals for the
different transitions was then compared with ratios deter-
mined from the Einstein A coefficients [25]. In the limit
of no fluorescence trapping, the measured and calculated
ratios chould agree. The results illustrated that for the
ratio of the weakest to the strongest rotational tran-
sitions [Q,,(4) compared to Q,(4)], trapping of the
fluorescence was less than 10%. For excitation of other
rotational levels, this effect should be reduced. Thus,
fluorescence trapping is not expected to have a significant
influence on the measurement accuracy.

Elastic scattering of laser light can also influence the
measurement. There are two primary sources for laser
scattering: scattering from the burner walls and win-
dows, and Rayleigh scattering from the gas flow. The
magnitude of the Rayleigh scattering was observed to be
negligible. In contrast, scattering from burner surfaces
was significant. The magnitude of the scattering signal
was significantly reduced by installing 10° windows and
light baffles in the laser entrance and exit paths. For most
of the studies performed here, the scattering signal was
thus reduced to very low levels. In general, no correction
of the narrowband signal was necessary, and only small
correction of the broadband signal for laser scattering
was required. However, for study of F,(0) rotational
level, where the narrowband fluorescence signal had to
be detected via the same transition as the excitation, the
laser scattering signal was larger. The influence of this
effect on the determination of the RET rates is discussed
in Sect. 6.

5 Results

5.1 Energy Transfer Rates

Representative temporally integrated fluorescence spec-
tra (gate width =90 ns) acquired following excitation of
two rotational levels, F,(4) and F,(10), are shown in
Fig. 5. The locations of transitions originating from the
laser-coupled level are indicated by the starred symbols.
Differences in the spectra are caused by variations in the
ratio of the RET rate to the deexcitation rate from the
excited electronic level. For low rotational levels such as
F,(4), rapid RET acts to efficiently distribute population
throughout a wide range of rotational levels. In contrast,
in the spectrum acquired following excitation of the
F,(10) level, the slower RET relative to the sum of radia-
tive decay and electronic quenching leads to a larger
fraction of the LIF signal originating from the directly
laser-coupled level.

Time-resolved fluorescence transients resulting from
excitation of the F,(4) and F,(10) states are shown in
Fig. 6. The narrowband and broadband transients (de-
noted by N, and N, + N, respectively) were measured
directly and were related via the fluorescence spectrum.
The population N in the ensemble of collisionally-
populated states was then deduced from these results.
These transients exhibit the expected characteristics.
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Fig. 5. Fluorescence spectra acquired following excitation of the
F,(4) and F,(10) levels. The symbols indicate transitions originating
from the laser-coupled levels

During the duration of the laser pulse (approximately
10 ns), the laser-coupled state shows a rapid rise in pop-
ulation. Once the laser pulse ends, the population in this
state begins to decay, primarily due to RET and col-
lisonal quenching. In contrast, the total population in the
upper state shows a slower decay, with a rate charac-
terized by the rotationally-averaged quenching rate. The
population in the collisionally-populated levels rises ini-
tially due to RET, and then decays due to collisional
quenching and back-transfer. Note also the good qualita-
tive agreement between the computed and the measured
transients shown in Figs. 2 and 6, respectively.
Rotationally averaged quenching rates can be deter-
mined directly from the decay of the broadband fluores-
cence signal. For each transition, the fluorescence signal
was plotted on a semilog scale and a linear fit was per-
formed over the time period from 15 ns (well after the
end of the laser pulse) to 80 ns, corresponding to an
interval of approximately two decay lifetimes. The quen-
ching rates could then be determined by subtracting the
radiative decay rate [25] from the total decay rate. Note
that the rotationally averaged radiative lifetime which
results from the partial thermalization of the rotational
population should be used in this calculation. However,
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Fig. 6. Transient populations resulting from excitation of the F,(4)
and F,(10) rotational level. 1=0 ns corresponds to the beginning of
the laser pulse
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Fig. 8. Extrapolation back to time 0 to determine the measured RET
rates for the F,(4) and F,(10) levels

it is not possible to determine this rate directly, and thus
the radiative lifetime of the directly laser-coupled state is
used as an estimate of this rate. For the flame conditions
in this study, the radiative emission rate is small com-
pared to the quenching rate (always <5%), and thus this
approximation causes no significant error. The resultant
quenching rates are plotted as a function of rotational
level in Fig. 7. The monotonic decrease of the quenching
rate with increasing rotational level (18% from N'=0 to
15) is consistent with previous flame-temperature mea-
surements [21, 22].

Fluorescence transients of the type shown in Fig. 6
can be combined with (9) to determine the RET rate. The
results for the F,(4) and F,(10) states are shown in Fig. 8.
For the F,(4) level, the time period from 10 ns to 40 ns
has been used for the extrapolation, while 10 ns to 60 ns
has been used for the F,(10) level. Deviations from a
constant RET rate are caused by the influence of rota-
tional back-transfer on the determination of the rate.
Note, however, that the long time period over which the
RET rate decreases approximately linearly permits ac-
curate extrapolation back to time #, to determine the
RET rate. Errors resulting from the extrapolation will be

discussed below.
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Fig. 9. Total RET rates as a function of rotational level

The resultant total RET rates as a function of rota-
tional level are plotted in Fig. 9. A 60% decrease in the
RET rate from N'=0 to N'=15 is observed. Note that
the RET rate decreases more than the quenching rate
with increasing rotational level. This trend is consistent
with previous measurements of the branching ratio Q/R
[8, 10, 12]. Direct comparison of the branching ratio
measured here with previous results is not possible in
view of the varying flame compositions utilized in these
studies.

It is interesting to attempt to relate the measured rates
for RET and quenching to collisional absorption line-
widths in OH [34]. Mechanisms which may contribute to
OH line broadening include RET in the upper and lower
states, quenching from the upper state, and energetically
elastic dephasing collisons. Assuming that X-state RET
occurs at the same rate as 4-state RET and ignoring the
effect of elastic collisions results in a linewidth for the (0,
0) Q,(5) transition of 0.09 cm™*!/atm. In comparison,
Rea et al. [35] have measured a FWHM for broadening
of OH by H,0 of 0.16 cm™~!/atm at 1620 K. There are
two possible causes for this apparent discrepancy: first,
the X-state RET may be significantly faster than the RET
in the A-state; and second, dephasing collisions may have
an important influence on OH line broadening. From
this brief examination it can be concluded that RET and
quenching in the A state of OH contribute a nonneglig-
ible amount to broadening of OH linewidths. However,
other mechanisms such as X-state RET or elastic dephas-
ing may have an even more significant influence on OH
collisional broadening, and attempts to determine OH
linewidths from measured rates for 4-state RET and
quenching will most likely result in erroneously low val-
ues.

As can be seen from Figs. 7 and 9, accurate measure-
ments of total RET and quenching rates have been pet-
formed. The combination of the large number of rota-
tional levels examined and the high precision of the
measurement permits observation of systematic varia-
tions in the rates with rotational energy. Furthermore,
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these high-temperature results are consistent with ex-
trapolations of low-temperature RET data performed
using the ECS-P scaling law [31]. In contrast, the conver-
sion of these energy transfer rates to collision cross-
sections is subject to additional sources of systematic
error (e.g., incorrect flame composition). These error
sources will be discussed below.

5.2 Energy Transfer Cross Sections

Conversion of the measured RET rates into cross sec-
tions and estimation of the contribution of He to the
RET rate requires knowledge of the temperature and
chemical composition at the measurement location. The
temperature profile along the burner centerline was
measured by detecting the fluorescence signal following
excitation of a series of rotational transitions in the OH
A-X (1, 0) band at several locations along the flow cen-
terline and using Boltzmann plots to determine the tem-
perature at each point. The resulting centerline tem-
perature profile was input into a 1-D flame code [29] in
order to determine the chemical composition along the
flame centerline. The temperature at the measurement
location was thus determined to be 7=1330+30 K, and
the species concentrations were y(H,0)=26.3%,
x(OH)=0.8%, y(H,)=5.1%, x(0,)=3.4%, y(H)=9.3%,
x(0)=1.3% and y(He)=53.8%. Details of the tem-
perature measurement and flame code calculations will
be discussed in a future paper on the measurement of
high-temperature RET and quenching rates in the OH
(4, v"=1) state.

Examination of the flame composition and previously
reported values for rotational energy transfer rates in-
dicates that the only species which contribute significant-
ly to the RET are H,O and He. Jorg et al. [15] have
calculated state-to-state He rate coefficients for a wide
range of temperatures and rotational levels up to N'=5.
These calculations agree well with experimental data on
He RET at 300 K [4]. Their values have been used to
estimate the contribution of He to the RET, and the
measured RET rates before and after correction for the
contribution of He are shown in Table 2. In general, the
He RET rate is quite large for the F,(0) state and de-

Table 2. Total RET rates and cross sections vs rotational state for
the OH 4, v =0 level in collisions with H,0 at 1330 K. Corrected
data account for the contribution of He to the RET. For the states
for which no data on He RET is available, it is estimated that
collisions with He will contribute less than 10% of the RET rate

Level Rate Corrected rate ¢ [A?] Corrected o
fs7] [s™4] [A%]

F(0) 128+£32x10% 85£32x10% 199+50 132450
F,(4) 120£10x 106 97+10x105 187416 151+16
F,(5) 108+ 9x105 91+ 9x106 168+14 142414
F,(7) 98+ 8x10° 153+12

F,(10)  72+10x 106 112+ 16

Fy(12)  65+13x 106 101+ 20

Fo(15) 52+ $x 106 81+ 12




456

creases rapidly with increasing rotational level (faster
than the decrease in the total RET rate). Correction of
the measured RET rates for the influence of He is not
possible for rotational levels above N’ =5, but in view of
the rapid decrease in the He RET rate with increasing N
we anticipate that collisions of OH with He will contri-
bute less than 10% of the total RET for these states. The
calculated flame composition can be used to extract RET
cross sections for collisions of OH with H,O, and these
values are also shown in Table 2. Note that collisions
with H atoms may also contribute to the RET. No data
is available on H atom RET, however, we expect that the
contribution will be relatively minor because of the small
mass of this species.

Cross sections for RET in the 4, v" =0 state of OH at
elevated temperatures for collisions with H,O have
previously been measured only by Lucht et al. [11].
Their results were o[F;(1)]=110£30 A2, o[F,(4)]=
17060 A2, o[F,(5)]=190+£60 A2 and of[F,(10)]=
110+ 30 A2. The agreement between these values and the
data presented in this study is within the combined error
of the two measurements. However, the error in the
previous measurements is too large to permit observation
of a systematic variation of the RET rate with rotational
level. In contrast, a monotonic decrease in the RET rate
with increasing rotational energy has been observed in
the current experiments.

The accuracy of the quenching rate measurement can
also be examined. Cross sections for H,0, H, and O,
have been taken from Garland and Crosley [30] for the
v'=0, N'=17 state, and the H-atom cross section is from
Cattolica and Mataga [22]. The contribution of the other
species to the quenching is insignificant. Combining these
cross-sections with the flame composition results in a
total quenching rate of 29 x 10° s™*, the primary contri-
butions coming from H,O (69% of the total) and H (25%
of the total). This rate compares well with our measure-
ment of 28.940.5% 10° s~ for this level.

6 Error Analysis

The errors in the measurement of the RET rates are
mostly due to uncertainties in the determination of the
energy level populations. There are several sources for
these uncertainties, and the most important error source
is the relation of the broadband and narrowband fiuores-
cence signals wia calibration with the fluorescence spec-
tra. In the calibration process, several effects may contri-
bute to the error. A detailed discussion of all error-sour-
ces is given below.

Successive scans over fluorescence transitions origi-
nating from the directly laser-coupled level were typically
quite repeatable, with variations from scan-to-scan on
the order of 1-4%. The exception is the study of the
F,(12) level, where the excitation of the weak S,(10)
transition led to an increased error. In addition for
N'=10 there is a residual systematic variation of ap-
proximately 8-10% in the relative strengths of the P, Q
and R lines originating from the laser-coupled state,
compared to the well-known transition probabilities. The
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influence of this uncertainty on the determination of the
RET rates has been reduced by using an averaged value
for the LIF signal from the laser-excited state.

For some of the rotational levels, it was not possible
to detect fluorescence lines from the directly laser-
coupled state which were completely isolated from other
transitions. Typically, the overlapping lines were weak
satellites or transitions originating from high rotational
quantum numbers, and thus the contribution of these
lines was small. For measurement of lines in the P, and
0, branches, overlaps with satellites were estimated to
increase the fluorescence signal originating from this
state by ~2%. For the other transitions, the magnitude
of the effect was smaller.

Detection of the fluorescence from the F,(0) level is
subject to several sources of error which are less signifi-
cant for the other rotational levels. This is due to the fact
that there are only two strong radiative transitions,
Pi,(1) and Py(1), which are coupled to this level (the
weak O4,(2) line could not be detected). Excitation to
F1(0) was performed via the P,(1) line, and detection of
the fluorescence on the same transition is subject to two
sources of interference: laser scattering and partial over-
lap with the Q,(6)/0,,(6) transitions. The influence of
0,(6)/0,1(6) overlap has been examined by measuring
the Q,(6)/0,,(6) lines, and has been estimated to be
relatively small. In contrast, the contribution of laser
scattering is difficult to determine accurately. Measure-
ments performed with the laser tuned off-line have re-
sulted in an estimated contribution to the signal of
~50%, and the LIF signal has been corrected for this
effect. However, the accuracy of this correction is un-
clear. The influence of laser scattering can be removed by
detecting the P,(1) transition instead. However, this
transition is closely overlapped by the 0,(3)/0,,(3) line
pair. The contribution of this line has been estimated
from the P,(4)/P,,(4) line to be ~20-30%. When the
influence of these contributions to the P,,(1) and P (1)
lines is included, the relative strengths of the lines differs
from the expected ratio (determined from the Einstein 4
coefficients) by ~30%. Since there it is not possible to
determine which line strength has been more accurately
measured, the averaged value has been used, leading to
an estimated error in the fluorescence from the F;(0) state
of £15%. This relatively large error leads to =~ £25%
uncertainty in the RET rate for this state.

The final source of error which must be considered is
the determination of the RET rate via extrapolation to
the beginning of the laser pulse. As shown in Fig. 6, the
initial 10 ns of the laser excitation are not used for the
extrapolation. This is because the determination of the
population N(¢) by subtraction of the narrowband tran-
sient from the broadband transient is subject to large
errors during the initial rise in the laser pulse, when the
populations vary rapidly. Instead, the extrapolation is
typically performed over a time scale ranging from 10 ns
to 40 ns for N'=0, 4 and 5, 10 to 50 ns for N'=7, and
10 ns to 60 ns for N'=10, 12 and 15. A longer extrapola-
tion period can be used for the higher rotational levels,
because the influence of back-transfer is smaller for these
states. The results of the full multi-level model calcula-
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tions discussed earlier show that initiating the extrapola-
tion at 10 ns results in an error in the measured RET rate
of ~2%. The reduced back-transfer results in a smaller
extrapolation error for the high-lying rotational states.

Note that errors may also be incurred when convert-
ing the measured energy transfer rates into cross sections.
This conversion relies upon a calculation of the flame
composition from a 1-D flame code [29], which in turn
is influenced by the accuracy of the measured centerline
temperature profile. Erroneous species concentrations
will lead to systematic errors in the energy transfer cross
sections. All studies of energy transfer where the gas
composition is not directly measured share this problem
to some degree, and estimation of the magnitude of this
systematic error is difficult. It is anticipated that for the
measurements presented here this error will be relatively
small, since we have reasonable confidence in the ac-
curacy of both the temperature measurement and the
flame code calculations.

Exact determination of the species-specific RET cross
sections for OH in collisions with H,O requires know-
ledge of the contributions of He and H atoms to the
RET. We have corrected the data for He RET using the
calculations of Jorg et al. [15] when possible, and since
no data on H-atom RET is available, we have not
attempted to correct the measurements for this contribu-
tion. Other than the correction for He RET, the quoted
errors for the cross sections do not reflect the possible
influences of He and H atoms.

7 Summary

High-temperature total RET and quenching rates have
been measured for a number of rotational levels in the
A2Z*, v =0 level of OH for collisions with H,O. These
results represent the first measurements of both OH RET
and quenching rates at elevated temperature in the same
study. Comparison of the data with previous measure-
ments of RET and quenching illustrates good agreement.
In addition, systematic decreases in the rates with in-
creasing rotational quantum number are observed, the
first time such an effect has been seen for OH RET at
elevated temperature. The RET rate decreases more
rapidly than the quenching rate with increasing rota-
tional energy, a result which is consistent with previous
measurements of the branching ratio Q/R.
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