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Abstract. Using temporally, spectrally and spatially resolved
laser induced fluorescence (LIF), collision-induced energy
transfer was studied in the A2Σ+(v′ = 1) level of OH. Meas-
urements were performed in a laminar premixed flame at
10 Torr total pressure. The low pressure allowed the spatial
variation of the effective quenching rate to be determined
through the flame front. In addition, the dependence of the
quenching rate on rotational quantum number was measured
by exciting a series of rotational lines in the rangeN′ = 0–16.
The results show that the total quenching rate decreases only
17% through the flame front, in the region whereOH can be
detected. Nevertheless, theabsolutevalue of the quenching
rate Q is required if absolute concentrations are to be de-
termined from LIF-signals. The variation both ofQ and of
the rotational relaxation rate with excited rotational quantum
state must be known for quantification of LIF-temperature
measurements via the Boltzmann relation. Finally, the ro-
tational and vibrational energy transfer (RET, VET), was
investigated by recording the spectrally and temporally re-
solved fluorescence. For all excited rotational lines, efficient
RET to neighbouring rotational states was observed, but only
very little VET. Total RET rates were determined from the
difference between the time-resolved broadband (total fluo-
rescence) and narrowband (fluorescence from the laser ex-
cited level) curves. The experimental results were compared
with simulations using a dynamic model, which describes
the energy transfer for flame conditions. With the available
input data (temperature, major species concentrations and
collision-partner specific RET cross sections), good agree-
ment was obtained.

PACS: 34.00

TheOH radical has often been used as an indicator of chem-
ical kinetics and hence of the progress of combustion. It is
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readily detected by laser induced fluorescence (LIF) follow-
ing excitation in the UV. Temperature and concentration data
derived from LIF measurements may be used as input for
modelling of reactive flows for the optimisation of combus-
tion processes. However, specific requirements of quantita-
tiveness are placed on these data. To interpret measured LIF
signals quantitatively, detailed information about quenching
and relaxation (rotational, vibrational) effects caused by col-
lisions with gases in the flame environment is needed. To
study such effects, a well-characterised “model” flame is de-
sirable; in the past, collisional processes, both onOH as well
as other species, were investigated using a variety of model
burners at atmospheric [1–12] and at low pressures [13–19].
However, time constants at atmospheric pressure are on the
order of nanoseconds or less, so that their direct measurement
requires excitation by a picosecond laser and ultrafast detec-
tion (e.g. streak camera). Also, with the exception of certain
types of slot burner [3, 8], the flame front region cannot read-
ily be investigated at atmospheric pressure. In this work a low
pressure, premixed laminar flame at10 Torrwas selected, so
that energy transfer processes could be studied with good
spatial resolution through the flame front and using standard
nanosecond laser technology.

The effects of energy transfer on LIF signals following ex-
citation of OH A2Σ+ have been studied under a variety of
conditions (temperature, pressure, gas composition). Most of
the investigations on quenching so far in flames concerned the
v′ = 0 level [1–3, 5, 14–17], much less information is avail-
able for other levels (v′ = 1–3) of OH [1, 4, 10–13]. Com-
paratively little information is available on vibrational and
rotational relaxation under flame conditions [10, 12, 19–21].
Quenching and relaxation compete in any realistic environ-
ment, and, in addition, relaxation processes lead to redistri-
bution of the populations of the laser-coupled levels, which
in turn may affect the effective quenching rates. Therefore
it is paramount that quenching be investigated in conjunc-
tion with rotational- and vibrational energy transfer (RET,
VET). A suitable method for determining rotational relax-
ation rates in association with quenching rates was reported
in the work of Lee et al. [15]. Their studies were performed
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on OH (v′ = 0) in H2/O2/He-flames at19 Torrand1300 K.
These authors developed a dynamic kinetic model [15, 16]
and used collision partner-specific collisional data [21, 22]
to simulate the results. Furthermore, the applicability of this
model to energy transfer in a wide variety of combustion
environments was demonstrated [23] by applying it to simu-
late spectra from the literature. Very recently, further experi-
mental and modelling (using the kinetic model of [15, 16])
work was performed [24] to assess the role of vibrational
relaxation in H2/O2-flames containingHe or N2, respec-
tively.

With a view to progressing towards flames of more tech-
nical interest, we apply the method of Lee et al. to a more
complex flame,CH4/O2. This flame has a greater number of
collision partners but is well characterised [18] and has been
modelled [25], so that species profiles are available for simu-
lation of experimental results. We also chose to exciteOH
A2Σ+ (v′ = 1), since fewer data are available for this level,
particularly at flame temperatures.

The stages of the work can be defined as follows: (1) time-
resolved, broadband fluorescence was recorded to determine
the dependence of quenching rate on rotational quantum
number and on position in the flame; (2) rotationally resolved
fluorescence spectra were scanned to gain a qualitative im-
pression of the extent of RET and VET on excitation of
various rotational transitions; (3) time-resolved narrowband
fluorescence was recorded. From the difference of the two
transients determined in (1) and (3) the corresponding total
RET-rate was derived.

1 Principles of the dynamic kinetic model

The results are interpreted on the basis of a multi-level model
for the case of linear LIF, in which the ground state is treated
as a two-level system (laser-coupled statex and bath level
X). The bath level is populated by quenching from the ex-
cited (A) state and it is assumed that no transfer fromX to
the laser-coupled level occurs. Only the upper (excited level)
is modelled in detail. The temporal behaviour of the laser
excited levell , the upper levelj populated by RET and the
ground state levelsx andX is described by a set of differential
equations:
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Rij (s−1) represent the state specific transfer rates for rota-
tional relaxation from leveli → j , Qj (s−1) and Aj (s−1) are

the quenching rates and the Einstein coefficients for spon-
taneous emission, respectively, andBxl , Blx are the Einstein
coefficients for absorption and stimulated emission.IL is the
laser intensity andGν the spectral overlap integral, which rep-
resents the overlap between absorption and laser line profiles.
The temporal form of the laser pulse is described by the ex-
pression:

IL(t)∝ ta exp(−bt) . (5)

The quenching and RET-rates are each given by the product
sum of the collision partner specific coefficientskR

ji and par-
ticle number densitiesnM :

Rij =
∑

M

kR
ji (M)nM; Qj =

∑
M

kQ
j (M)nM . (6)

The number densitiesnM required to calculateRij andQj are
themselves calculated from the total flame pressure, the local
temperature and the mole fractions of the corresponding col-
lision partners. The local temperature was measured for our
experimental conditions and the species mole fractions were
taken from a model calculation [25]. Values forkQ

j were cal-
culated from the empirical expression

kQ
N′ = kQ

0 e−γ N′ (7)

wherebykQ
0 is the quenching rate coefficient forN′ = 0 in

the excited state. This expression has been shown [15] to give
a better fit at flame temperatures than that usingN′(N′ +1) in
the exponent [26]. Quenching data from [21] and those rec-
ommended therein were used.

The collision partner specifickR
ji coefficients for RET

were calculated using data based on those of [22], pa-
rameterised using the ECS-EP (energy sudden corrected-
exponential power) law [16].

Modelling of the population of a set of energy levels is
performed in two stages: (1) calculation of the energy trans-
fer rates after parameterisation of the collisional data, as de-
scribed above; (2) solution of the differential equation system
to calculate the time-dependence of the level populations. The
measured fluorescence spectra can also be modelled, using
the known spectral line form.

2 Experimental

All measurements were performed in laminar premixed
CH4/O2 flames, stabilised on a low pressure burner. The
burner head was home-built and contained a water-cooled,
fine-pore stainless steel sinter plate (effective diameter55 mm;
thickness25 mm). This ensured a homogenous flow of the
premixedCH4/O2-gases into the burner chamber. During
combustion a laminar flame propagated which could be con-
sidered one-dimensional. The burner head was mounted so
that the flame propagated downwards and could be moved
vertically in steps of0.01 mmover a total distance of50 mm
using a step-motor. In this way, measurements through the
flame front and burnt gas were performed.

Gas flows were regulated using mass flow controllers and
were set at1 l/min CH4 and2 l/min O2, i.e. in stoichiomet-
ric ratio. The burnt gases were pumped away by a vacuum
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pump. The total pressure in the burner chamber was measured
by two calibrated capacitative membrane manometers (for the
regions0–10 Torrand0–1000 Torr). The second manometer
measured the pressure at100 Torr, required during ignition of
theCH4/O2/N2 mixture. (Nitrogen served as buffer gas until
ignition, but was then turned off.)

Measurements were made with an excimer laser pumped
dye laser (Lambda Physik Scanmate 2E) at repetition rates
of 5–10 Hz. The dye used was Coumarin 153 in Methanol.
The narrow band oscillator beam, freed from ASE, then
passed a B́ethune cell as main amplifier. The Béthune cell en-
sures a high quality beam profile with low divergence. The
dye laser was controlled by a LAN (Local Area Network)-
Interface from a laptop. UV-Wavelengths were obtained using
a frequency doubling unit with aβ-barium borate crystal
(BBO-I) and a beam separator. The energy of the dou-
bled beam was 0.2 to0.8 mJ in the region282–283 nm,
the spectral width was0.1 cm−1 for this dye. This gave
a spectral power density entering the burner in the range
0.15–0.60 MW/(cm2 cm−1).

Four suprasil-I-quartz windows allowed optical access to
the burner chamber. Fluorescence light was detected with two
UV-sensitive photomultipliers (PMT), whose quantum yield
was constant in the region of fluorescence (305–325 nm)
studied. One PMT served for detection of the total (broad-
band) fluorescence, the other for detection of single rotational
levels. The spectral resolution required was obtained using
a monochromator (CVI DK 480,f = 480 mm). A grating
with 2400 lines/mm and a transmission maximum of 68% at
260 nmwas selected. The dispersion was0.8 nm/mm. The
desired wavelength region around the central wavelength was
selected using movable slits (10–2000µm width at a fixed
height of20 mm).

The complete set-up is shown in Fig. 1. The beam path of
both the excitation and fluorescence light lay in one plane. At
right angles to this plane, the distance of the beam from the
burner head and hence of the measurement area in the flame
could be varied. About 8% of the laser energy was coupled
out and detected by a calibrated pyroelectric detector.

The size of the main laser beam was narrowed by a pin-
hole and made parallel using two lenses of diameter0.2 mm.
The sampled volume in the burner chamber was imaged onto
the monochromator slit or PMT2, respectively, using a fo-
cussing lens. A combination of filters (transmission> 30% in
the range290–410 nm) suppressed laser stray light at282 nm.

Each of the signals obtained was sent to a boxcar-
integrator for integration with the desired time gate. Gate
times of20 nswere chosen to discriminate against the flame
emission. The integrated signals were then read out to an
A/D-converter. The temporal behaviour of the fluorescence
signal could also be displayed on an oscilloscope and trans-
ferred as an (x, y)-diagram to the computer. In this way
effective lifetimes of excitedOH radicals were measured.
For the lifetime measurements, 200 single-shot curves were
averaged.

During recording of spectra, the laser energy arriving in
the measurement volume was recorded simultaneously with
the fluorescence signal. Signals from 10 shots were averaged
for each measurement point. If the standard deviation was
greater than 10%, the point was repeated. After the meas-
urement, the signal intensity was normalised with the laser
energy.

Fig. 1. Experimental set-up for LIF (broad- and narrowband detection)

3 Results and discussion

3.1 Total quenching rates as a function of position in the
flame and excited rotational quantum number

The effective total lifetimes forOH A2Σ+(v′ = 1) following
excitation of the P11, Q13 and Q15 transitions were deter-
mined at heights of2–30 mmabove the burner head. Longer
lifetimes (> 40 ns) were initially determined without decon-
volution of the decay curves, but as a check, some measure-
ments were deconvolved from the laser pulse using an itera-
tive procedure (Marquardt-Algorithm). At heights of 2, 3 and
30 mm, our own temperature measurements (from excitation
spectra) were available, while at the other heights, tempera-
tures were taken from the profile of [18]. The temperatures
from [18] were in good agreement with our temperatures
at the relevant positions in the flame. Using these results,
a temperature could be assigned to each height. Then, from
each series of lifetime measurements (τN′ = 1/(AN′ +QN′ )
the quenching rateQ0 for N′ = 0 was calculated by plot-
ting the quenching ratesQN′ againstN′ and fitting to the law
QN′ = Q0eγN′ . The deviation of the quenching rates deter-
mined in this way from the directly measured values was less
than 1% in all cases. The total error forQ0 (ca. 8%) consists
of the statistical error and an estimated error for the detection
system. A fit to the measuredQ0 values gave the empiri-
cal expressionQ0 = 150T−0.23±0.05. Errors in the temporal
curves due to possible saturation effects should be insignif-
icant for the following reason: in the case of saturation (or
partial saturation), stimulated emission makes a certain finite
contribution to the depopulation of the excited state. How-
ever, this effect only occurs during the laser pulse and all
lifetimes are evaluatedafter the pulse has decayed.
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Figure 2 showsQ0 as a function of temperature; the de-
crease inQ0 is only 17% over the entire region (spanning
a temperature range of1023–2285 K) and is thus consistent
with studies on individual collisional partners [20], which
show that the collisional partner specific cross sections in
general vary only slightly in this temperature range. The five
stable collisional partnersH2O, CO2, CO, H2, andO2, (87.4%
of all species in the burnt gas region of the flame contribute
about 80% to the total quenching rate in the burnt gases. The
other 20% of the quenching effect has to come from collisions
with radicals (H, O, OH). In comparison, at∼ 1500 K (ac-
cording to the model calculation [24]) the radicals make up
only 3% of all species.

At heights of 3 and30 mm above the burner head, i.e.
at flame temperatures of1272 K and 2234 K respectively,
the collisional rates following excitation of various rotational
transitions were determined. Figure 3 shows the dependence
of quenching rate on the rotational quantum numberN′ of
the excited state. The full line gives the fit of values to the
empirical equations:

Q1272 K∝ e−(0.056±0.007)N′ ,

Q2234 K∝ e−(0.015±0.004)N′ .

At 30 mm(2234 K), the total quenching rate decreases only
19% from N′ = 0 to 15. At3 mm (1272 K), in contrast, the
corresponding decrease is ca. 60%. This large difference can
hardly be the result of temperature dependencies of the indi-
vidual quenching cross sections (cf. Fig. 3 and [20]). If the
gradients of the species concentrations in the flame front are
considered [25], then it is seen that the fraction ofH2O at
1272 K (32%) is much smaller than at2234 K (44.6%). On
the other hand, the total fraction ofH2O, O2, CO2 andCO
is about 80% for both temperatures. Collision partner spe-
cific investigations show [26], that the dependencies of the
quenching cross sections on excited rotational quantum state
for O2, COandCO2 are about an order of magnitude stronger
than for H2O. Thus if the fraction ofH2O in the flame is
much smaller, the rotational dependence of the total quench-
ing effect will become correspondingly stronger. In addition,
thermalization of the excited state populations at higher tem-

Fig. 2. Total quenching rates forOH A2Σ+(v′ = 1) as a function of flame
temperature. The full line is the fitQ0 = 150T−0.23±0.05

Fig. 3. Total quenching rates forOH A2Σ+(v′ = 1) as a function of ro-
tational quantum numberN′ of the excited state◦ 2234 K, � 1272 K in
a CH4/O2 flame at10 Torr total pressure. Transitions from various branches
(Q, P, R) were excited. The full curves are the fits:Q1272 K∝ e(0.056±0.007)N′

and Q2234 K∝ e−(0.016±0.004)N′

peratures is much more efficient, leading to a weaker depen-
dence ofQ on N′.

3.2 Vibrational energy transfer (VET)

Figure 4 shows the fluorescence spectrum for excitation of
the Q15 transition ofOH A2Σ+(v′ = 1) at a height of30 mm
above the burner. It is seen that the fluorescence of the (0,0)-
transition, compared to that of the (1,1)-transition is very
weak, i.e.∼ 6.8% of the total fluorescence intensity. There-
fore vibrational relaxation was, as a first approximation, neg-
lected during simulation of the energy transfer processes.
Similarly, Steffens et al. [12], on exciting the Q14 transition
of OH A2Σ+(v′ = 3) in a CH4/O2-flame at14 Torr, found
88% of the fluorescence to be emitted fromv′ = 3 with only
a few percent in each of the lower vibrational levels. On the
other hand, at atmospheric pressure, vibrational transfer was
found to be significant, with 47% of the emission appearing
in v′ = 2–0 for N′ = 5 excitation. However, the amount of
VET decreased with increasing rotational quantum number.
In H2/O2-flames, which consist largely ofH2O in the burnt
gas, VET was even less efficient.

Fig. 4. Low resolution fluorescence spectrum following excitation of the
Q15-rotational transition of theOH A2Σ+(v′ = 1) vibrational level
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a

In contrast, if N2 is present as a collisional partner in
significant quantities (this is always the case in flames of tech-
nical interest with air), then VET is very efficient [12, 20, 24].
Hartlieb et al. [24] recently determined VET rates forN2 from
measurements in a low-pressureH2/O2-flame at1600 K for
three different rotational levels. ForN′ = 0, kVET was found
to be∼ 10−10 cm3 s−1, about an order of magnitude faster
than the corresponding value forH2O. Further quantitative
studies are needed in this area.

3.3 Rotational energy transfer (RET)

Rotational energy transfer following excitation of the P12,
Q15, and R211 transitions ofOH A2Σ+(v′ = 1) was inves-
tigated at30 mmabove the burner head. Fluorescence spec-
tra were recorded in the region305–325 nmunder the same
conditions. The decay curves for the single excited transi-
tions and the total (broadband) fluorescence were then deter-
mined simultaneously and evaluated as described above for
the quenching measurements.

3.3.1 Fluorescence spectra: measurement and simulation.
From the measured fluorescence spectra the extent of rota-
tional relaxation can be seen (Fig. 5a–c). The spectra were
simulated using the LASKIN-program [15, 16], i.e. the tem-
poral behaviour of the populations of the individual rotational
levels was calculated. The calculated values of the popula-
tions were then integrated over the time span set by the ex-
perimental temporal window of the boxcar integrators. The
result was then multiplied by the fluorescence yield. The

b

c

Fig. 5a–c. Fluorescence spectrum following excitation of theOH A2Σ+
(v′ = 1) level of various rotational transitions at a height of30 mm above
the burner head.a P12; b Q15; c R211. The upper spectrum in each pair is
the measured spectrum; the lower figure shows the simulation superimposed
on the experimental spectrum



650

discrete fluorescence intensities so obtained were then fit-
ted to a Gauss profile, which simulated the monochromator
resolution. The Gauss form was chosen as a reasonable ap-
proximation since at a temperature of∼ 2000 K, for wave-
lengths around315 nmand effective excited state lifetimes
of ∼ 50 ns, the Doppler width is calculated to be10.16 GHz
compared to the collisional width of3.18 GHz.

Figure 5a shows fluorescence spectra following excitation
of the P12-line. The ratio of fluorescence from the F1(1)-
level (sum of P12 and Q11) to the total fluorescence was
determined to be 0.41. The simulation fluorescence spec-
tra reproduces the measured spectral intensity profile well
(Fig. 4b). The fine structure symmetry of the excited state is to
a large extent conserved, i.e. predominantly F1-F1-transitions
occur. A similar degree of symmetry conservation was ob-
served by Stepowski and Cottereau [14] in LIF-spectra ofOH
A2Σ+(v′ = 0) in a C3H8/O2-flame. A distinct preference for
symmetry conservation was also seen in collision partner spe-
cific RET-measurements for collisions withH2O [22].

In the case of Q15 excitation (Fig. 5b), the ratio of the
measured fluorescence from the F1(5) level (sum of R14,
Q15, and P16) to the total fluorescence was 0.44. A com-
parison of the measured fluorescence spectra with the simu-
lation, showed that the intensity of the measured Q15-line
was about 45% smaller than the calculated intensity. There
are two possible reasons for this discrepancy. On the detec-
tion side, a spectrally narrowband detection with any kind
of polarising elements in the optical path e.g. grating of
the monochromator, can lead to different ratios of the ob-
served line intensities (especially of theQ-branch) depend-
ing on the way the polarisation vectors on the detection and
excitation side are placed relative to one another. Further-
more, since the laser is linearly polarised and only partial
depolarisation will have occurred due to collisions, this may
lead to different intensities for rotational lines affected in
this way. Doherty and Crosley [27] investigated such ef-
fects in CH4/O2-flames diluted withN2, Ar or He. Sig-
nificant changes in the ratios of line intensities were ob-
served for excitation ofQ lines with the direction of flu-
orescence polarisation relative to that of the laser excita-
tion, while for P lines the effect was much less pronounced.
Polarisation effects and depolarising collisions were not in-
cluded in the simulation program available to us and therefore
could not be accounted for in the modelling. For recent in-
vestigations on depolarising collisions the reader is referred
e.g. to [28–30].

For the R211 transition(Fig. 5c), the RET to neighbouring
levels is considerably weaker than for the other two transi-
tions; the ratio of fluorescence from the F2(12) level (sum
of R211, Q212, and P213) to the total fluorescence was 0.63.
Again, fine structure symmetry of the excited states is pref-
erentially conserved and the simulation reproduces the meas-
ured spectra well.

3.3.2 RET-rates.The basis of the simulation model is a three-
level system [14] with the lower and upper laser coupled
levels 1 and 2 and a bath “level” 3, that which represents
collectively all levels in the excited state that are popu-
lated by RET. From the measured, time-resolved intensity
curves of the broadband fluorescence (corresponding to the
total populationN2+N3 of the excited state) and narrow
band fluorescence (corresponding to the population of the

Fig. 6a,b.

b

a

a Temporal variation of the laser pulse, total (broadband) flu-
orescence (N2+N3), narrowband (single rotational line) fluorescenceN2
of the Q15-transition and their differenceN3 (—), compared to the corre-
sponding simulated curves (+++). b Determination of the RET-rate from
the data ofa by back-extrapolation, as described in the text

excited rotational transitionN2), the RET-rates can be de-
termined as follows. Using the ratio of the fluorescence
from the single excited lines to the total fluorescence (as
determined above), the two time-resolved curvesN2 and
(N2+N3) can be calibrated, whereby the ratio of the time-
integrated curves has to correspond to this fluorescence ratio.
The integration times are determined by the time window
of the boxcar on recording the fluorescence spectrum. Sub-
traction of the two curves gives the temporal behaviour of
N3 (population of rotational levels in the A2Σ+ state popu-
lated by RET). The corresponding time decays forN2, N3
and (N2+N3) are shown in Fig. 6a for the case of F1(5)
excitation, together with those from the simulation using
the LASKIN-program. The comparison shows that the simu-
lation reproduces the experimental results well. Similarly
good agreement was obtained for the other two rotational
lines.

The determination of the total RET-rate of the excited
level follows from (4), obtained by integrating the rate equa-
tion for the bath level. The first term on the right describes the
transfer rate into the bath level 3, the other two terms describe
the depopulation of the bath level by electronic decay to the
ground state 1 or back transfer to the laser excited level 2.
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R23= N3(t)∫ t
0 N2(t ′) dt ′

+T31
∫ t

0 N3(t ′) dt ′∫ t
0 N2(t ′) dt ′

+R32
∫ t

0 N3(t ′) dt ′∫ t
0 N2(t ′) dt ′

(8)
Term 1 Term 2 Term 3

For short times, the transfer from the excited level 2 into the
bath level 3 dominates, while the electronic decay of the bath
level only becomes significant after some time. If the pop-
ulation of N3 (normalised by the integrated population for
N2) is plotted against time and then the curve extrapolated to
t = 0, the RET-rate is obtained (Fig. 6b). However, the elec-
tronic decayT31= (A31+Q31) has to be accounted for; this
requires a correction of max. 10%. The RET-rate for the back
transfer from the bath level is not known exactly, but for very
short times can be neglected.

The RET-rates determined from the extrapolation can be
converted to an effective global RET cross section by calcu-
lating an average relative velocity, wherebyH2O, CO2 and
COare considered as collision partners ofOH. The results for
the RET rates and the corresponding cross sections are given
in Table 1. The total error limits are obtained from the errors
in the extrapolation and the errors in recording the temporal
decay of the excited line.

A few other studies have been performed on rotational re-
laxation in flames. In the first, cross sections were measured
for N′ = 1–10, v′ = 0 excitation in aH2/O2/N2-Flame at
30 Torr [19]. Values obtained were in the range110–190Å2,
but because of the large error limits, no significant depen-
dence onN′ could be established. In the more recent work of
Lee et al. onOH(v′ = 0) in a19 Torr H2/O2/He-flame [15],
the efficiency of RET forN′ ≥ 10 decreases significantly. The
values forN′ = 1 and 5 are the same within the error lim-
its. The values obtained for the total RET-rates (in106 s−1)
were F1(0): 128±32, F2(5): 108±9, F2(12): 65±13. These
values are larger than those obtained in theCH4/O2-flame,
where bothCO2 and H2O are major collision partners, but
the RET efficiencies forCO2 are generally significantly lower
than those ofH2O [22]. In contrast, in hydrogen flames,H2O
is mainly responsible for RET.

Finally, forOH (v′ = 2) excitation in an atmospheric pres-
sure flame, Bormann et al. [10] calculated an RET rate of
2.88×109 s−1 for excitation ofJ′′ = 12.5. This translates to
37.4×106 s−1 at 10 Torr. Considering the somewhat differ-
ent composition in the two flames (e.g. theH2O-mole fraction
was 13% lower in the atmospheric pressure flame), this re-
sult can be considered fairly comparable with our value of
54×106 s−1 for a high value ofN′.

With the values reported for the quenching rates in the
CH4/O2-flame, the corresponding ratiosQ/R can be calcu-
lated (Table 1). The ratioQ/R is primarily determined by

Table 1. Total RET rates following excitation ofOH (v′ = 1)

Excited transition N′ RET-rate σRET Q/R

R23[106 s−1] [Å2]

P12 1 89±10 125±14 0.22
Q15 5 77±7 109±11 0.25
R211 12 54±8 76±11 0.33

the RET-rate, since the quenching rates at2234 K vary only
slightly with rotational quantum number. An even stronger
increase in theQ/R ratio can be seen in [28] for aCH4/air-
flame (v′ = 0)-excitation, whereQ/Rvaries from 0.11 to 0.32
in the rangeN′ = 0–16.
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