Laser-induced fluorescence with tunable excimer lasers as a
possible method for instantaneous temperature field
measurements at high pressures: checks with
an atmospheric flame
Peter Andresen, A. Bath, W. Groger, H. W. L6lf, G. Meijer, and J. J. ter Meulen

A new method for instantaneous temperature field measurements based on LIF studies of OH, 02, and H2 0 in
an open atmospheric flame with a tunable excimer laser is suggested.

In this method the crucial problem of

quenching at higher pressures is almost completely eliminated by excitation to a fast predissociating state.
The various possible excitation and fluorescence processes that can be induced in the narrow tuning range of

the KrF laser are characterized experimentally by excitation and dispersion spectra for the three molecules
OH, 02, and H2 0. Of particular importance is the large power of the KrF laser, which allows efficient
excitation of even weak transitions. The fast predissociation of these molecules in connection with the
powerful excitation laser suggests that instantaneous temperature field measurements should be possible at
higher pressures.

1.

Introduction

Temperature measurements with lasers are important in flames, flows, plasmas, discharges, and in mo-

tors, where thermometers cannot be used because interference with the probe has to be avoided. In recent
years a number of different laser techniques have been
used to measure temperatures. In the low pressure
regime sensitive and powerful techniques, such as laser-induced fluorescence (LIF)1 or resonance-enhanced multiphoton ionization (REMPI),2 are well
known and have been used extensively.

However,

these techniques have severe disadvantages at higher
pressures, because the ions can no longer be extracted
or because the fluorescence is quenched. Therefore

other laser techniques, such as coherent anti-Stokes
Raman scattering (CARS)3 or Rayleigh scattering
(RS)4 have been suggested and used instead. Whereas
RS can be used only in rather special situations,4
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CARS has been used at higher pressures in different
environments with considerable success.3 Although
CARS seems to be the only realistic technique

for

temperature measurements at high pressures, it has an
inherent disadvantage: temperatures can be determined only in a single point with one laser shot. In
many applications temperature information is required instantaneously in a 2-D field or even in a 3-D
volume, for example, in turbulent systems.

In LIF, fluorescence originates from all points in the
probe that are illuminated by the laser. A strong laser
allowsthe illumination of rather large 2-D arrays with
sufficient intensity. Sufficient means that the fluorescence yield from a single point in the array is high

enough to be measured. The emission from the different points in the array can be analyzed using photographic techniques as, for example, in planar laserinduced fluorescence (PLIF). 5

The main drawback of LIF is quenching of fluorescence at higher pressures by numerous collisions,
which occur within the radiative fluorescence lifetime
Tr.
Many attempts to correct for collisionalquenching
failed, because the effect depends sensitively on the
laser-excited state and on the collision partners.6 In
many technical environments (flames or motors) with
a complicated gas composition and many different
collision partners, a correction of LIF data becomes
impossible.

In this paper a LIF method is used in which the
effect of quenching is avoided simply by exciting the
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molecule to a fast predissociating state from which
fluorescence is emitted only during the predissociation
lifetime -rp. For sufficiently short predissociation life-

H2 0 (Ref. 12) and 02 (Ref. 15) should allow temperature measurements up to '50 bar.
It will be discussed that temperature field measure-

times there will be no collisions and consequently no

ments are possible with one laser for the cases of OH

quenching within rp, even at higher pressures. Because many molecules predissociate at shorter wavelengths,7 the method should be applicable to a relative-

(rotational temperatures) and 02 (vibrational and rotational temperatures) by spectrally dispersing the
fluorescence. H2 0 requires, similar to other methods,
two delayed lasers and fast detection schemes.
It should also be mentioned that fluorescence trap-

ly large number of molecules.

For the case of 02, this

idea has already been suggested.8
An important point of the present experiment is that
it is done with a high power tunable KrF laser. This
laser delivers 400 mJ/pulse in a bandwidth of 0.5
cm-'. This is orders of magnitude more power than is
available from other commercial lasers in this frequency range.

With this laser a large sheet can be illumi-

nated with sufficient intensity even for weak absorbers. This point has been discussed theoretically in a
recent paper in which a broadband ArF laser is sug-

gested to do LIF in the 02 Schumann-Runge bands.9
Although the laser is only tunable between 248.0and
248.9nm, many different vibrational-rotational transitions of three important molecules (OH, H2 O, and
02) were found to lie in this narrow tuning range. For
the first time LIF in the OH(2 Z - 211) absorption band
has been done with the very weak 3-0 vibrational
transition. 0 Here and in the remaining part of the
paper vibrational transitions are denoted always by v'

ping is no problem in the above cases. The transitions

to the v' = 3 state in OH are only strong if they start
from excited vibrational states. Because these excited
vibrational states are hardly populated, trapping will
be negligible.

Similarly, in

II.

excited."

A series of rotational lines of different vi-

brational transitions (0-6, 1-6, 2-7, and a few
more) have been identified and again dispersion spectra have been measured from single laser excited
states. For H20 a series of rotational transitions is
obtained by two-photon excitation to the 01B, state, in
which case the bound-free fluorescence from the C1B,
state to the repulsive A1Bj state12 is used to deduce
populations. 13 1 4 Despite the very large power (>GW/
cm2 ) neither the H2 0 nor the OH transitions were

saturated. In contrast, the 02 transitions were completely saturated at much lower power.
The excitation spectra have been modeled theoretically assuming a well-defined rotational temperature
for the probe. According to these calcuations, we find
that both H2 0 and OH are good candidates for measuring rotational temperatures. For 02 only a few lowlying rotational transitions can be excited with the KrF
laser. Within a vibrational band the probed states are
too close in energy to give good precision for tempera-

ture measurements. However, rotational temperatures can be determined with good precision if different vibrational bands are used. In addition 02 is
nicely suited to determine vibrational temperatures.
It is directly proved that the lifetime of the OH( 2 2,v' =
3) state is so short that quenching is small in atmospheric conditions. The even shorter lifetimes for
366
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only a few highly vibra-

Method

In a gas with thermal equilibrium among rotational
states, the relative density ni in a quantum state i of a
molecule AB depends on the temperature T via the
Boltzman distribution:

v", i.e., in this case v' = 3, v" = 0. A series of different

rotational transitions were identified. Dispersion
spectra from single laser prepared states show that
rotational quenching within the predissociation lifetimes is small even at atmospheric pressures. In addition a number of different transitions in the Schumann-Runge bands of 02 (B3 2§ - X32) have been

02

tionally excited molecules can absorb the fluoresence
radiation. In the case of H2 0 the fluorescence is
bound free and therefore reabsorption is impossible.
The following results are selected to demonstrate
that the suggested method works from a spectroscopic
point of view. Quantitative temperature measurements are not the main aim of this paper.

n, a (2j + 1) exp(-Ej/kT),

(1)

with k is the Boltzmann constant, Ej is the energy of
quantum state i above the ground state, and j is the
total angular momentum.
In LIF a molecule AB is excited with a laser at some
frequency v from an initial state il in the electronic
ground state to a final state f in some electronically
excited state. The subsequent fluorescence intensity
from f is measured, for example, with a phototube. If
collisions can be neglected, the fluorescence signal S is

proportional to the density nj of AB molecules in quantum state i. The proportionality factor P contains
the line strength for absorption and emission and can
also depend on directional properties of absorbed and
emitted light. If the excitation laser is tuned to another frequency 2, the density n2 in another quantum
state i2 can be determined via the fluorescence signal
S2 .

Because the fluorescence signals are proportional to
the densities, the measured ratio R = S1/S2 is related to
the temperature T by
RS=

S1

S2

=

Pln, P1 (2j + 1)
_=( _
1

P~2P2

(22 + 1)

/E2 -E 1 \
kT

.

kT

(2)

which can be inverted to give the temperature in terms
of the measured ratio R and the known quantities Ei, ji,
and Pi:
T=
k

E2-E,
{P,(2j,
+1)j
P2(2j2

(3)

+ 1)

An important advantage of such temperature measurements is that only relative fluorescence signals are

required. Complicated calibration procedures are not
necessary and laser power fluctuations are eliminated
in a natural way.

To evaluate Eq. (2) the fluorescence signals S, and
This can be
achieved either by spectral filtering or by time resolution.
Spectral filtering is possible if the fluorescence from
the electronically excited states f and f2 is sufficiently
separated in wavelength. Then filters, prisms, or
spectrometers can be used to measure S, and S2 separately. In the present case this is possible for rotational and vibrational temperatures of 02 and rotational
temperatures of OH. The important advantage of
spectral filtering is that only one laser may be required
for temperature measurements, for example, if the
laser excites both transitions simultaneously.
If the fluorescence from the states f and f2 is not
sufficiently separated in wavelength, separation can be
achieved via time resolution. In this case two lasers
are fired with a small time delay and the fluorescence is
recorded separately in time. This method has to be
used for H20, because the emission is spectrally broad
and independent of the rotational state.
In principle, the temperature can be determined
from the density in any two different quantum states.
The precision of the temperature measurement will
however depend on the change of the measured quantity R with temperature. For example, a small energetic difference between the two states will result in
S2 have to be measured separately.

This is the case if fluorescence quenching is differ-.
ent for the corresponding excited states f, and f2. In a
number of studies it has been shown that quenching
depends indeed sensitively both on the rotational level
of the excited electronic state and on the collision
partners.6 Fluorescence quenching is the main problem in the application of LIF at higher pressures, in
particular for complicated gas compositions.
Several methods have been suggested to eliminate
these problems. For example, the same upper state
may be used in the excitation, i.e., fA = f2.16 Then
quenching will still occur, but it will give the same
reduction in fluorescence for the quantum states il and
i2.

The ratio of fluorescence signals will be related to
the temperature in the same way as in Eq. (2). However, the only way to measure the fluorescence signals S,
i2.

and S2 separately is by time resolution, i.e., the method
requires two tunable lasers. In addition the same
upper state can only be reached from neighboring low-

er states, i.e., states with Aj = 2. The method yields
inherently low precision, because of the small energetic
difference between the probed states.
In the present LIF method a molecule is excited with
a strong laser to a fast predissociating state with a short
lifetime Tp. Because the excited state molecules radiate only in the short time Tp, only a very small part of
the molecules does fluoresce. This causes a tremen-_
dous loss in LIF signal, which is partly compensated,

because the densities are much higher than in typical
LIF experiments. The main advantage of this method
conse-

poor precision.

is, however, that there will be no collisions-and

As discussed above, temperature measurements by
LIF are based on the linearity of the fluorescence signal with the density in the probed state. In the low

bility for a hard sphere collision within rp is -5 X

pressure regime (typically below 100 Abar) there are no

collisions within the radiative lifetime Tr and the linearity holds strictly. In this range the LIF technique
is wellestablished. Numerous experiments have been
done, for example, to analyze rotational state distributions from chemical reactions, inelastic collisions, or

photodissociation experiments.
At higher pressures the laser excited molecules will
howevercollide with the ambient gases within Irr. The
importance of secondary collisions may be illustrated
by the example of an open atmospheric flame. A laser
excited molecule with a typical fluorescence lifetime of
100 ns will undergo -1000 hard sphere collisions dur-

ing its radiative lifetime. The collisions can lead to
energy transfer within the excited state or to fluorescence quenching.

Rotational and vibrational energy transfer within
the excited state alone do not cause the most severe
problems, because a photon is still emitted after excitation and the linearity between fluorescence signal
and density is the same. Fluorescence quenching
leads, however, to a deexcitation of the electronically
excited state, such that no fluorescence photon is emitted. Although the fluorescence signal will still depend
linearly on density (more particles yield more fluorescence), the linearity between fluorescence signal and
density can be different for two different states il and

quently no quenching-within the predissociation
lifetime, if Tp is short enough. For example, the proba10-2

in atmospheric conditions, if we assume a predissociation lifetime of 5 ps. For sufficiently short predissociation lifetimes quenching is impossible. However,
in many cases predissociation is known to be quantum
state dependent. A calibration procedure can be used
to overcome this problem.
In this paper we demonstrate that the idea of the
method works in atmospheric flames for OH,

02,

and

H2 0 using the tunable KrF laser. OH, H2 0, and
will not be the only molecules which can be used.

02

In

most cases diatomic molecules predissociate faster for
shorter excitation wavelengths. With a strong lasers
(for example, other tunable excimers and intense
Stokes and anti-Stokes lines that can be generated
from them) even weak transitions can be excited effi-

ciently enough to obtain reasonable fluorescence intensity.
111. Experimental Details

The experimental

setup is shown in Fig. 1. The

basic technique is spectrally dispersed LIF. A KrF
excimer laser (Lambda Physik EMG 150 EST) with a
grating tuned oscillator is used for excitation. 3 Several different lenses are used to focus the laser, but all
results in this paper are for a 100-cm focal length.

Most measurements are made a few centimeters (3-5)
away from the focus to avoid problems with undefined
15 January1988 / Vol. 27, No. 2 / APPLIEDOPTICS
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in frequency, inducing a particular transition of either
H 20, 02, or OH. Then the spectrometer is scanned
and the fluorescence intensity is recorded. In this way
dispersion spectra from single rovibrational states are
obtained. In the second type, the spectrometer is
fixed to transmit radiation in a wavelength range

Imlens

where only one of the molecules fluoresces.

burner
sc

spectirometer slit

|-

lution is good enough, the fluorescence of only one

-4cm--

V
to spectrometer

Figure 1. Experimental setup. The KrF laser is focused with a
100-cm lens. The flame is installed -4 cm before the focus. The
flame is adjusted relative to the laser. The fluorescence volume is
given by the section of the flame that is imaged to the spectrometer

slit by the quartz lens.

breakdowns in air. No reasonable results could be
obtained in the focus itself.
We studied several different atmospheric flames
(02 -H2 , butane, and acetylene) generated by burners
that are used for welding purposes otherwise. The
flames are inserted in the excimer laser beam path at
different distances between laser beam and burner tip
(see Fig. 1). The main origin of noise in the spectra is

from instabilities of the flame and pulse-to-pulse in,stabilities in the laser power.
The fluorescence is sampled with a lens from a thin
.10-mm long line through the flame. Because a 1:1
imaging optics is used the fluorescence volume is es3entially the image of the 10-mm long entrance slit of

the spectrometer (see Fig. 1). This setup is certainly
not adequate for quantitative temperature measurements.

Large differences in local temperatures

may

be expected along the fluorescence line, in particular
for the flames used here. Because fluorescence is sampled from spots with different temperatures, the net
result is an averaging over different

temperatures

along the fluorescence line through the flame. This
implies that the resulting rotational distributions do
not even have to be Boltzmann distributions.' 7
The fluorescence light is spectrally dispersed by a
9.3-m spectrometer (McPherson 218). The spectral
dispersion is very important, because it allows discrimination among the fluorescence of OH, 02, and
H2 0. In some cases rather narrow slits are necessary
for sufficient discrimination. The intensity of the
dispersed light is measured with a cooled photomultiplier (RCA 31034) averaged with a boxcar and recorded on a strip chart recorder. A narrow boxcar gate is
used to suppress direct emission from the flame. Because most of the fluorescence is emitted during the
laser pulse, within the predissociation lifetime, this
causes no loss in the LIF signal. Saturation of the
PMT, due to the permanent background of the flame,
was in some cases eliminated by a gating technique.'

8

Two basically different types of experiment are
done. In the first type, the tunable KrF laser is fixed
368

Then the

KrF excitation laser is scanned and the fluorescence
intensity is recorded again. If the spectrometer reso-

t
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molecule is transmitted and excitation spectra of the
corresponding molecule are obtained separately.
First, a simple Bunsen burner is installed in the
beam path and the continuous emission of the flame is
measured without laser and without boxcar. The
dominant emission is due to OH(2 2,v' = 0,1). With a
narrow boxcar gate this continuous emission is almost
completely suppressed, i.e., with the use of a boxcar
there is negligible background from the flame. If this
flame is irradiated with the unlocked, i.e., broadband
KrF laser, an intense fluorescence appears in the wavelength range from 250 to 550 nm. This fluorescence is
laser induced and originates from simultaneous exctitation of many different transitions in different molecules. It should be kept in mind that, although the
laser is operated broad band, the spectral brightness
(-3 mJ/cm-') is still high compared to typical commercial tunable laser systems in this frequency regime.
Therefore many molecular transitions can be excited
simultaneously with reasonable efficiency. Although
many different species might be excited in a flame with
this strong laser, most of the fluorescence intensity
turns out to be due to a number of different transitions
in OH, 02, and H 20. Similar experiments have been
done with a broadband ArF laser on NO and 02.'9
Considerable care is necessary to record excitation
and dispersion spectra separately for different molecules. The selection of the appropriate wavelength
range with the spectrometer is very important for the
separation of excitation spectra. Because fluorescence of different molecules may be transmitted

in the

same wavelength range, the excitation spectra can contain lines of more than one molecule. Both the central
wavelength and the resolution of the spectrometer are
crucial for discrimination between the fluorescence of
different molecules. Low resolution leads to insufficient separation, whereas for high resolution the excitation spectra may consist of single rotational lines (as
will be seen later in Fig. 5). Only with moderate reso-

lution, high enough to discriminate between the fluorescence of different molecules, but low enough to
transmit, for example, all rotational lines of a vibrational transition, separate excitation spectra are obtained for OH, 02, and H2 0. Nevertheless, a few small
lines in the following spectra are due to insufficient
spectral resolution.
The relative intensities of different rotational lines
in the excitation spectra have to be considered with
care. The fluorescence intensity from different excited states may be reduced if the transmission of the
spectrometer is optimized for one specific line, i.e., the

2

Table 1. AbsorptionLines for the VibrationalTransition3-0 in the A
2
X 11 AbsorptionBand of OH that are in the TuningRange of the KrF Laser
(from Ref. 10)a

Rotational
transition
P(9)
R2(15)
Q2(11)
Q12(11)
R 21(15)
R1(15)
P2(8)
P12(8)
Q21(11)
Q,(11)
Q12(6)
P1(8)
R 2(14)
Q2(10)
Q12(10)
a The

Excitation
frequency
(cm-,)

Transition
probability

40193.35
40212.91
40229.17
40231.40
40242.39
402.45.39
40248.48
40249.94
40263.17
40265.40
40278.82
40296.25
40314.98
40319.47
40321.53

5.11
7.15
10.53
0.32
0.33
7.52
3.81
0.58
0.33
11.55
0.21
4.60
6.65
9.50
0.35

transition probabilities are (2J" + 1) times the appropriate

Honl-London factor.'

0

Table 11. AbsorptionLinesof the 02 Schumann-RungeBands B3jyX3Eg that are in the TuningRange of the KrF Lasera

0 -4
R(75)
P(71)

0-

40199.0
40302.4

5

R(55)
P(51)
R(53)

40218.4
40282.8
40334.0

0- 6
R(19)

P(15)
R(17)
P(13)
R(15)
P(11)

R(13)
P(9)
R(11)
P(7)
R(9)

40199.9
40217.4
40235.9
40251.4
40267.7
40281.2
40295.3
40306.7
40318.5
40328.0
40337.6

1 -6
P(37)
R(39)
P(35)
2 -6
R(53)
P(49)
R(51)
2-f 7
R(15)
P(11)

R(13)
P( 9)
R(11)
P( 7)
R( 9)
P( 5)
R( 7)
P( 3)
R( 5)
P( 1)
R( 3)
R( 1)

40235.1
40272.4
40317.4

Table Ill. For the 0 - 6 and 2 - 7 Excitation Processesin the 02
Schumann-RungeBands, the Wavelength Range for EmissionSubsequent
to Excitation of One of the lines from Table 11to Various Lower Vibrational
States v' is Given Togetherwith the Relative Fluorescence Intensitya

v"
A/region
202.6-203.9
209.2-210.6
216.1-217.6
223.4-224.9
231.1-232.7
239.2-240.8
247.7-249.4
256.7-258.5
266.3-268.2
276.4-278.4
287.1-289.2
298.5-300,6
310.5-312.8
323.4-325.8
337.1-339.7
351.8-354.5
367.4-370.3
384.2-387.2
402.2-405.4
421.6-424.9
442.4-445.9
464.8-468.6
489.1-493.1
515.3-519.5

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

40206.8
40280.5
40321.2
40199.0
40215.2
40227.3
40241.1
40251.3
40262.7
40270.9
40279.9
40286.2
40292.8
40297.2
40301.4
40303.8
40306.1

v" the excitation freFor different vibrational transitions v'
1
quency for the corresponding rotational transitions is given in cm- .
a

7

Int.

Excitation: 2
Wavelength
region

0.1
0.3
0.9
2.0
3.8
6.2
8.5
10.0
10.0
8.6
6.3
4.0
2.2
1.1
0.4
0.2
0.1
-

197.2-198.1
203.4-204.4
210.0-211.0
216.9-217.9
224.1-225.1
231.7-232.8
239.7-240.8
248.1-249.3
257.0-258.3
266.4-267.7
276.3-277.7
286.9-288.3
298.0-299.5
309.8-311.4
322.4-324.1
335.8-337.6
350.0-351.9
365.2-367.2
381.4-383.5
398.8-401.0
417.4-419.7
437.3-439.8
458.7-461.3
481.7-484.4

0.1
0.5
1.7
4.0
7.3
10.0
10.0
6.7
2.2
0.0
1.3
3.6
3.8
1.8
0.2
0.3
1.5
2.3
2.2
1.5
0.9

Excitation: 0<6
Wavelength

a

Int.

Wavelength

Excitation

Free lying

band

emission band

region

0 -4
0* 5
1- 6
2 - 6

0 - 14
0 -15
1 -6 17
2 - 20

363.8-364.0
365.0-366.1
379.5-381.7
432.1-433.7

The indicated wavelength region covers all fluorescence from the

different rotational lines that can be excited with the KrF laser.
Because only relatively low rotational states are probed, the subsequent emission is restricted to a narrow range. The fluorescence
intensity is calculated by p3 q,' 0 t with the emission frequency v and
the FC factors from Ref. 20. The strongest emission is arbitrarily

set to 10. For the other vibrational transition, only the best wavelength range for separate detection is given.

of the KrF laser and many of the lines are considerably
broad, so that almost every frequency of the KrF laser
contributes to some excitation process. This is why in

some cases different transitions are excited simultaneously and why the dispersion spectra may contain
contributions from different excited states of different
molecules.

fluorescence intensity partly reflects the fixed spectrometer bandpass.
In all the excitation spectra, the base line intensity
increases at the left and right side of the tuning range.
This experimental artifact originates from decreasing
locking efficiency of the KrF laser at the end of the

tuning range. This is discussed in detail in Ref. 13.
To obtain separate dispersion spectra, the linewidth

for absorption is important.

The absorption

linewidth is determined by the linewidth of the laser or
by the linewidth of the molecular transition. Many
different transitions can be excited in the tuning range

Systematic calculations have been performed to determine the transitions of 02, OH, and H 20 that are
within the tuning range of the KrF laser (248.0-248.9
nm). The most important absorption lines are given
in Table I for OH and in Table II for 02. For H 20 the
lines are given in Ref. 13. For the excitation lines of 02

the wavelengths of all possible subsequent emission
lines have been determined and the corresponding
wavelength ranges are given in Table III for different
lower vibrational states v". The calculated spectra
prove the unambiguous assignment of the following
excitation and dispersion spectra.
15 January 1988 / Vol. 27, No. 2 / APPLIEDOPTICS
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The calculated 02 dispersion spectra are described
briefly. The spectra originate essentially from single
laser prepared states in B 3 ;u. No effects of secondary
collisions are seen, because the lifetime in B3 2U is so

P

short. This is why the spectra can be fitted using only
spectroscopic data. The measured (dispersed) fluo-

3
S = Nov
q5 ,,,

HL *7v

X 3 2g iS given by

(4)

f(X),

with NOthe number of molecules prepared, the emission frequency v for the transition v', N' - V", N", the
Franck-Condon factors qv'v",the Hbnl-London factor
HL, the (vibrationally state-dependent) predissociation lifetime r", and the quantum efficiencyf(X) of the
detection system. The O2/FC factors are from Ref. 20,
the H6nl-London factors are (N' + 1)/(2N' + 1) for P
and (N')/(2N' + 1) for R lines in the case of unresolved
fine structure

(a)

Q210)

rescence signal from a single prepared state v', N' in the
excited eletronic state B 22U to various lower states v,

N" in the electronic groundstate

25

II Isorescrc

(see Ref. 21), the predissociation

life-

012(10 R2 0)

40340
5

40320

21(11

40300

40280

40260

Rj (15)

40240

R(5

40220

40200

4010

1. cm-)

Figure 2.

OH excitation spectrum A2Z+, v' = 3 -

X 211, v" = 0.

The excitation of OH proceeds via the 2 2 I absorption band. The
3-0 vibrational transition is excited; the excitation frequencies are
given in cm 1 . The spectrometer is set to 329 nm with a resolution of
-1 nm. The inset shows the linearity of fluorescence with laser
power for the P,(8) line. The arrows indicate small lines originating
from 02-

times are from Ref. 9, and the quantum efficiency of
the detection system has been calibrated recently.'4
IV.

Results

In the following, the excitation and dispersion spectra are discussed in the sequence OH, 02, and H2 0 in
qualitative agreement with the relative strength of
emission. In most cases OH was the strongest emitter
followed by -10 times less intense contributions from
the 0-6 transition in 02 and another factor of 10 less
02 from the 2-7 or 1-6 transition. For H2 0 the
fluorescence was even weaker, in particular because it
is extended over a wider wavelength range. 13"14 Then

some temperature measurements are done in different
positions in the flame for OH and 02, using the method
described above. Finally it is shown that some qualitative insight can also be obtained for OH vibrational

energy transfer within the excited state.
A.

Figure 2 shows an OH excitation spectrum with the
spectrometer set to 329 nm and a resolution of --1 nm.
The spectrum is for an atmospheric 0 2-H 2 flame and is
recorded 10 mm above the burner tip and the boxcar
averaged over three laser pulses. In the selected wavelength range mainly the OH(2 2+, v' = 3 - 211,v" = 3)
All lines in Fig. 2 can

be identified on the basis of the known OH spectroscopylOand the corresponding identification of rotational
transitions is given in the figure. The spectral resolu-

tion is obviously sufficient to discriminate against the
02 fluorescence.
The spectrum is almost noise free with a signal-tonoise ratio of _104. Because the fluorescence volume
is only 10-2 cm3 , enough fluorescence will be already

obtained from a much smaller fluorescence volume.
This is of importance if larger sheets are used in temperature field measurements.
Figure 2 represents the first LIF spectrum in which
the 3-0 transition has been excited with a laser. This
very weak transition has not been excited before, be370

clearly seen from the inset in Fig. 2, which shows the

linearity of fluorescence intensity with laser power. In
this case the P,(8) line is used for excitation. The laser
power is varied by inserting several calibrated filters in
the beam path of the KrF laser. Although the applied
laser power is in the range of GW/cm 2 , the fluorescence

intensity is still linearly dependent on the laser power,
i.e., even at such high power the P1(8) transition is not
saturated. That the saturation limit is not yet reached
can also be directly inferred from the strength of the
satellite lines that are almost resolved in Fig. 2. In
saturation the satellites should be as strong as the main
lines which is obviously not true.

OH Spectra

Q-branch emission is monitored.

cause the FC factor is orders of magnitude smaller than
for the 0-0 transition in the 212-21l absorption band.
Therefore a very strong laser, like the tunable KrF
laser, is required for sufficient excitation. This is
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The linewidth in Fig. 2 is approximately the
linewidth of the excitation laser, which implies that no
direct information is obtained about the predissociation lifetime. The only conclusion is that the predissociation lifetime of the v' = 3 state of OH(2 2) must be
longer than 20 ps. The lifetimes of OH( 2 2+, v' = 5,6)

have been determined to be <10 ps.2 2

Figure 3 shows a dispersion spectrum of OH with a

resolution of -0.4 nm, recorded in a butane flame. OH
is excited on the Q(11) line, i.e., the quantum state 2,
v = 3, N = 11 is prepared and the subsequent emission

is spectrally dispersed. The wavelength range for different OH vibrational transitions is approximately indicated in the figure. The dominant emission features
are the sets of three single strong lines, appearing
around 270, 295, and 328 nm. The single lines origi-

nate directly from the laser prepared state n = 11 in v'
= 3 and are identified in the figure as P(12), Q(11),
and R(10). Obviously, the three sets of three single
strong lines belong to the vibrational transitions from
v = 3 to v" = 3 (at 328 nm), v" = 2 (at 297 nm), and v" =

1 (at 270 nm). From such data the Einstein A coeffi-

Table IV.

3 -2

EinsteinTransitionProbabilitiesfrom This Work Compared with
Selected Resultsfrom Other Authorsa

This work
3-1

3 -3

2-2.1-1.0-0

nm

Q(11)
0)11)

P, (12) R, (10)
P, (12)

A30
A31
A32
A33

9.5 2
130 ± 15
500
140 20

A34

1.65 ± 0.40

3.2 ±0.7
' 1.0

A35
A36

Crosley
(calc)

Henneker and
Popkie

Learner

11
173
515
113

9
159
488
116

12
148
466
223

-

_

-

-

-

-

-

_

The other data are contained in a table in Ref. 28, where the value
of A00 has been set to 1000. For good comparison we set our value for
A32 equal to 500.
a

340
X [nml

330

320

310

300

290

280

270

Figure 3. OH dispersion spectrum for a butane flame. OH is
excited on the Qo(11) line. The spectral resolution is -0.4 nm. The
2
2
spectral range of different vibrational bands for the OH( Z- 1I)
transition is indicated. The Qj(11) and P 1 (12) lines are off scale.

Between the single strong lines some weaker and
considerably broader emission appears in the range

cients can be determined, if the sensitivity of the spec-

tant difference between the direct emission from v' = 3
and lower vibrational states is the emission of single

trometer setup is eliminated. It should be noted that
in the present case the minor effect of fluorescence

quenching is not important, because only relative values of Einstein A coefficients are determined.
The A coefficients are measured relative to the 3-2

transition, which0 we set to 500, and are compared to
various other literature data in Table IV. There is
qualitative agreement with some authors, but disagreement with others (compare values for 3-1 and
3-3). To our knowledge the FC factors for 3-4 and
3-5 have not been determined before.
The relative emission intensities of P, Q, and R lines
are not in agreement with the known Honl-London
factors. The Q lines should be considerably stronger
Because this is true for all
than P and R lines.
vibrational transitions from OH( 22+, v' = 3), the
mechanism of fluorescence trapping can be eliminated
as an explanation. Instead, the effect is simply ex2 3

plained by the directional properties of light emission
and absorption. The present laser is linearly polarized along a horizontal axis, the same axis along which

we detect the total amount of fluorescence. This implies that, after Q line excitation, the emission of P and
R lines is detected more efficiently than the emission
on a Q line. After excitation on P or R lines, on the

other hand, the emission on the Q line is detected most
efficiently. 2 4 ' 25

Although it may be surprising that the LIF of OH in
a flame is polarized, similar observations have been

made before.2 6 The strong polarization in the present
case is clearly explained by the fact that depolarizing
effects, like, for example, collisions or stray magnetic

fields, are negligible during the very short predissociation lifetime of the v' = 3 state. The polarization
effects are so strong that they have to be taken into
account in the determination of rotational temperatures (see Sec. IV.D)

No such problems are expected

if a depolarizer is used between oscillator and amplifier.

from 280 to 295 nm and from 305 to 325 nm. This
weaker emission originates from fluorescence of lower
vibrational states (v' = 2, 1, 0) of OH( 22). The imporrotational lines from v' = 3 and of many overlapping

rotational lines from lower vibrational states. This
behavior is due to collisions with other species in the
flame.

Because the v' = 3 state has a short predisso-

ciation lifetime, there is only a small redistribution of
quantum states within the v' = 3 state. In contrast the
emission from lower vibrational states is broad and less
structured,2 7 indicating population in many rotational
states. This might originate from direct vibrational
quenching or from rotational energy transfer in these
levels. Because the predissociation lifetime is much
longer for lower vibrational states, many more colli-

sions are possible and many more rotational states
become populated in lower vibrational states. The
integrated relative fluorescence intensity originating
from collisionally populated vibrationally excited OH
seems rather high. This is partly due to the enhanced
detection sensitivity for lower vibrational states. The
FC factor for the 0-0 transition is about an order of
magnitude larger than for the 3-3 transition,2 8 in
addition to the fact that lower vibrational states fluoresce more because they predissociate less. Neverthe-

less appreciable vibrational energy transfer is observed, as in some other cases as well.27 As will be seen

later, vibrational energy transfer is much less pronounced in the 0 2 -H 2 flame (see Fig. 14).

A more quantitative idea about rotational energy

transfer can be obtained from Fig. 4, where a section of

another dispersion spectrum is shown at an evenbetter
resolution of 0.15 nm. In this case an 0 2-H 2 flame is
used. The Q2(11) is used for excitation, i.e., the N' =
11, v' = 3 state is prepared in 21+. Only the small
section of the dispersion spectrum in the range from
295 to 305 nm, which belongs to the 3-2 vibrational
transition, is shown. Again, the three strong lines that
dominate the spectrum originate directly from the single laser excited state and are identified as R 2 (10),
Q2(11), and P 2 (12). In addition, there is a whole series
15 January1988 / Vol. 27, No. 2 / APPLIEDOPTICS
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Figure 4. Section of an OH dispersion spectrum in an 0 2 -H 2 flame
at higher resolution. OH is excited on the Q2(11) line. The resolution is -0.15 nm. The position of the lines originating directly from
the laser prepared state is indicated in the figure by a solid line, the
lines originating from the neighboring states with AN = 1 are indicated by dashed lines. The numbers 1,2,3 correspond to the value of
AN. The influence of the directional properties of the fluorescence
on the relative intensities of the P, Q, and R lines is clearly seen (see

Figure 5. OH excitation spectrum with the spectrometer set to

text).

within the predissociation lifetime is 0.3. On the other
hand, the probability of such as collision within r is

297.3 nm and a rather high resolution (0.1 nm). Only the Q2(7) 3-2

transition is transmitted in emission. This implies that only the
fluorescence from the P 2 (8), 3-0 excitation is seen and proves that
spectral filtering is possible.

given by
of much less intense single rotational lines on both

sides of the central peaks, which are also identified in
the figure. They originate from the neighboring levels
of the N = 11 state and are populated by rotational
energy transfer within v' = 3 in the 2+ state. The
numbers that are given above the small lines represent
the value of AN, i.e., the number of rotational quanta
transferred from N' = 11. Rotational energy transfer
is observed up to AN = 3. The P2 lines at the left-hand
side show clearly that the fluorescence intensity decreaseswith increasing AN, a behavior that is expected
from a power or energy gap law.2 9 Obviously the F2 F, transfer in the 2+ state is much slower than the F2

F2 transfer, the latter being the only transfer process

observed here.

Rotational energy transfer within electronically excited states from single laser prepared states have been
studied in many experiments. However in these experiments much lower pressures are used to achieve
single collisionconditions and to avoid secondary collisions. At high pressure the fluorescence becomes
broad and unstructured, because many rotational
states are populated by secondary collisions and contribute to fluorescence (see, for example, Ref. 27). In

the present case the experiment is done at atmospheric
pressure. Nevertheless, the direct lines are strongly
dominating in the dispersion spectrum, which implies
that single collision conditions are valid. Secondary
collisions would lead to considerably more redistribution of quantum states.
The collision probability can be estimated from the
intensity of the small lines. The integrated intensity
in the weak lines is 30% of the intensity in the main
line. Obviously 30% of the molecules in the prepared

N' = 11 states suffered a collisionwith rotational energy transfer, i.e., the probability Z of such collisions
372
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Z = ngar.

(5)
9

3

If we use the density n = 3 X 101 /cm (for normal
pressure), a typical relative velocity g = 2 X 105 cm/s, a
typical cross section for rotational energy transfer of 5
X 10-16 cm2, this results in a predissociation lifetime of

-l00ps. This is a crude estimate, because neither g
nor a- is well known. In particular the considerably
lower density in a flame will tend to increase the estimated lifetime. Nevertheless there is qualitative
agreement with theoretical estimates.3 0
An important conclusion is that, although rotational
energy transfer takes place even within the short lifetime

p, most of the emission from v' = 3 is direct.

Rotational energy transfer is small even at atmospheric pressures. In contrast to rotational energy transfer,
which is directly seen in Fig. 4, fluorescence quenching

has not been observed directly. In most cases rotational and vibrational energy transfer as well as fluorescence quenching are of the same order of magnitude.6 This suggests a maximum error at 1 bar of
-30%. The actual error will be lower, because only the

difference in quenching between f and f2 introduces
errors.
Figure 5 shows an OH excitation spectrum with the
spectrometer set to 297.2 nm with the best available
resolution for a butane flame. Obviously the excitation spectrum is very different from Fig. 2: essentially
one line is left in the excitation spectrum. This is
simply explained by the high resolution of the spectrometer, which is adjusted to transmit only the fluorescence of the Q2(7) line of the v' = 3 to v" = 2

transition. Although different OH transitions are excited in the scan of the excitation laser, only this single
line is seen in emission, demonstrating that the resolution is good enough to separate the fluorescence from
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Figure 6. 02 excitation spectrum for the 0-6 transition in an 02H2 flame. The spectrometer is set to 353 nm with a resolution of -2
nm. The arrows indicate weak 2-7 absorption lines.

Figure 7. 02 excitation spectra for the 2-7 vibrational transition
in an 0 2 -H 2 flame. The spectrometer is set to 439 nm with a
resolution of -2 nm. Also two lines of the 1-6 band are seen.

P(37)

single rotational lines.

This is of importance for in-

stantaneous temperature field measurements:

it is

possible to excite two rotational lines simultaneously
and to separate the fluorescence from the two excited

states by spectral filtering.
B.

02

Spectra

The various transitions of the O2 (B3 ]-X 3yT) Schumann-Runge band that can be excited with the KrF
laser are given in Table II. In this paper we present
data only about the most intense vibrational transi-

tions0-6, 2-7, and1-6.

In Fig. 6 the spectrometer is set to 353 nm with a
resolution of -2 nm. In this wavelength range essentially the vibrational transition 0-15 of 02 is monitored, although there may be some contributions of the
2-16 transition (see Table III). The excitation spec-

I
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40270
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40250
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40230
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Figure 8. 02 excitation spectra for the 1-6 vibrational transition
in an 0 2-H

2

flame.

The spectrometer is set to 382.3 nm with a
resolution of -0.5 nm.

trum is recorded in an 0 2 -H 2 flame '10 cm above the

burner tip. The excitation spectrum shows clear rotational structure, which can be analyzed using known
9

spectroscopic data.
excitation of

02

The transitions belong to the

from v" = 6 to v' = 0, i.e., highly

vibrationally excited 02 is detected in the flame. Even
higher vibrationally excited

02

has been observed in

other studies.3 ' Only relatively low rotational states
can be probed with the KrF laser [R(9)-R(19) and
P(7)-P(15)]. Because of the presence of two identical
nuclei having no nuclear spin only odd transitions are
possible in 02- Some smaller lines in this spectrum
(indicated by arrows) belong to the v" = 7 to v' = 2

excitation. These lines appear weakly, because at a
resolution of - 2 nm some fluorescence from v' = 2 to v"

= 16 is transmitted
linewidth

of -2 cm-'

by the spectrometer.

The

is obviously larger than the

linewidth of the laser. However, the increased
linewidth is not due to predissociation; the predissociation lifetimes of 02 are known and only give rise to a
linewidth of 0.1 cm'1. 9 The large width is simply due

to the unresolved spin splittings in the two triplet
electronic states.

Figure 7 shows an 02 excitation spectrum, taken in
the same conditions, but with the spectrometer set to
439 nm and a resolution of -2 nm. With these settings
the spectrometer transmits the 02 fluorescence from v'
= 2 to v" = 21 (compare Table III). Again, clearly
resolved rotational structure is found in the excitation
spectrum. The lines are identified in the figure. The
noise is beginning to show up in the spectrum.
The directly observed fluorescence intensity for this
2-7 excitation spectrum is '10 times weaker than for
the preceding 0-6 excitation spectrum. If the different predissociation lifetimes in v' = 0 and v' = 2 (Ref. 9)

and the FC factors for the 0-15 and 2-21 vibrational
transitions are taken into account,2 0 this implies, that
-2 times more 02 is in v" = 6 than in v" = 7, in
approximate agreement with other experiments. 3'
For completeness, we show in Fig. 8 an

02

excitation

spectrum for the 1-6 vibrational transition. Now the
spectrometer is set to 328.3 nm with a fairly high
resolution of 0.5 nm to detect only the 02 1-17 emission. The fluorescence intensity from v' = 1 is rela15 January1988 / Vol. 27, No. 2 / APPLIEDOPTICS
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Figure 9. 02 dispersion spectrum for an 0 2 -H2 flame. 02 is excited on the R(17) line. The spectral resolution is #0.4 nm. The different
peaks correspond to the vibrational transitions originating in the v'= 0 state in O2 (B3 Z), ending in various v" states of the ground state. P and
R lines appear as doublets in emission.

tively weak, because the v' = 1 state is much more
strongly predissociated than the v' = 0 and v' = 2
states.9 This spectrum again contains contributions
from other absorption lines that are simultaneously
excited. Nevertheless the main three lines in the spectrum are clearly identified as P(35), P(37), and R(39).

The high rotational lines of this vibrational transition
allow us to measure rotational temperatures of 02 with
one laser by spectral filtering of fluorescence. For
example, simultaneous excitation of the R(17) line in
the 0-6 and the P(37) line in the 1-6 vibrational
band can be achieved with a somewhat broader laser
(these lines are only 0.8 cm-' apart).

The fluorescence

can be observed separately around 380.5 nm for P(37),
1-6 and around 324.5nm for R(17) 0-6 excitation.
Figure 9 shows a dispersion spectrum of 02 with a
resolution of 0.4 nm for an 0 2-H 2 flame. The laser is

tuned to excite the R(17), 0-6 line, i.e., the state N' =
18 is prepared in 3>. The fluorescence obviously
extends over a very wide range. The spectrum is
shown only in the range from 250 to 400 nm. The big

peak at the right is from scattered light of the KrF
laser. A very regular series of different fluorescence
lines is clearly seen. This fluorescence originates from

a series of vibrational transitions starting in the excited 3U V = 0 state and ending in the vibrational states
v" = 7-18 of the electronic ground state. The relative
strength of the lines is due to the different FC factors
for the vibrational transitions 0-v". There is good
agreement with the published FC factors.2 0
The spectrum shows clear rotational structure. It
should be emphasized that a spectral resolution of
-0.4 nm is only sufficient to separate P and R branches
in emission, but not to resolve single rotational lines.
If all rotational states were populated in the electroni374
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cally excited O2(3 U)v' = 0), just a smooth rotational
envelope would be expected.

The single rotational

lines prove that emission occurs only from the single
laser excited rotational state. As in the case of OH, the
predissociation lifetime is so short that redistribution
within the excited state is negligible. The appearance
of single rotational lines proves that rotational energy
transfer-and therefore also fluorescence quenching-is negligible at atmospheric pressures.
Figure 10 shows a dispersion spectrum of 02 in an
0 2 -H 2 flame after excitation on the P(9), 2-7 transition. Because the resolution of the spectrometer is
now only -1 nm, P and R lines can no longer be separated in emission. The somewhat increased background at 310 nm is due to the direct continuous OH
emission from the flame; it is seen here because the
boxcar gate was not adjusted short enough. It is interesting to note that, in contrast to the smooth behavior
of the emission from v' = 0 with one maximum around
320 nm, the emission from v' = 2 has a clear structure
with two minima, one around 300 nm and one around
375 nm. This is due to the nodal structure in the
vibrational wave function for v'

2.

This effect is also seen in the last dispersion spectrum of Fig. 11, which originates from the excitation of

the P(37) line of the 1-6 vibrational transition. The
minimum around 340 nm is due to the node in the v' =
1 wave function. The other lines in the figure originating from v' = 0 are due to simultaneous excitation of

the R(17) line of the 0-6 transition.
C.

H2 0 Spectra

Some excitation spectra for H2 0 (C'B,-XA1) were
recorded in the flame. The excitation of the C state is
done with two photons from the tunable KrF laser.
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02 dispersion spectrum in an 0 2-H 2 flame after excitation on the

P(9), 2-7 line. The nodal structure in the vibrational wave

function of the v' = 2 state is directly seen in the intensity distribution.

X nml

Figure 11. 02 dispersion spectrum for an 0 2-H 2 flame. 02 is simultaneously excited on the P(37), 1-6 and the R(17), 0-6 lines.

The C state predissociates via a crossing with the B
state and the B state in turn yields electronically excited OH products in the 22+ state. This yields an intense (but long-lived) fluorescence around 308 nm.
Despite the fast predissociation to the B state, there is
another competing fluorescence from the C state directly to the A state. This bound-free emission appears between 400 and 500 nm and is only emitted
during a short predissociation lifetime of several picoseconds.

Because of the widespread bound-free fluorescence,
the spectrometer can be set to any wavelength between
400 and 500 nm. This is very convenient, because it
allowsus to discriminate against the fluorescence of 02
and OH. The dispersion spectra have been measured

before and are not expected to be any different from
those in the earlier publication, because the emission is
not dependent on the excited rotational state. For
details the reader is referred to Refs. 13 and 14.
D. Temperature Measurements

In this section we first discuss the measurement of
the absolute rotational temperature of OH in a butane
flame, recorded ;'2 cm above the burner tip. As mentioned above, the setting of the central wavelength and
the resolution of the spectrometer is very important
for these measurements. First the laser is tuned to a
particular absorption line and the spectrometer is optimized, with a rather good resolution of -0.2 nm, to
transmit only one of the three strong lines of the 3-2
15 January 1988 / Vol. 27, No. 2 / APPLIEDOPTICS
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emission band. To minimize polarization effects, the

In(I)

fluorescence intensity is measured on P or R lines if a Q
line is used for excitation and on a Q line if a P or R lines

4.0

is used for excitation. With both combinations the
same directional properties are obtained in the socalled "high J limit"

25

N

j P (8)
2

>

P,(8)J
3.0 -

which is a good approximation

for the present case.
The measured intensities are corrected for the line
strength for absorption and emission2 3 and also for the
degeneracy of the ground state levels. These corrected intensities are plotted logarithmically in Fig. 12
against the energy of the ground state levels. The
straight line in the plot indicates a well-defined rotational temperature of 1500 K, a temperature that is
in approximate agreement with expectations. The
straight line in the plot suggests that predissociation in

Figure 12. Absolute temperature

v' = 3 is not strongly quantum state dependent, because otherwise strong deviations from a straight line

mined from the logarithmic plot of the emissionintensity against the
energy of the ground state levels. The different OH transitions used
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are expected. Nevertheless, precise temperature
measurements will require a separate calibration procedure, for example, by delayed detection of OH after

of OH in a butane flame, deter-

are indicated in the figure.

T( K)

193-nm photolysis of H 20 2 in a high pressure cell.

An easier procedure is used to determine small temperature differences in the flame. In this case only two
lines are used to determine the temperature, the P2 (8)
and the R1(15)lines of the 3-0 vibrational transition.

1

2000 t-

These lines are very close in their excitation wave-

length (3.1 cm-') and are for several reasons ideally
suited for instantaneous temperature field measurements. First, simultaneous excitation of these lines is
possible with an easily achieved increased laser
linewidth. Second, the probed energy levels are almost 3000 cm- 1 apart in energy, which implies that

large population differences are expected for rather
small changes in temperature. In addition the fluo-

0 0
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0

rescence from these levels can be nicely separated by

narrow bandwidth filters. With the very strong KrF
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laser, a large sheet in the flame can be illuminated with

Figure 13. Variation of the rotational temperature of OH with the
distance above the burner tip in a butane flame. Temperature

be viewed from the side with two image intensifiers,

differences are measured with an accuracy of 61% of the absolute
temperature by comparing the emission intensity following P 2(8)

sufficient intensity and the resulting fluorescence can
one equipped with a filter to record the fluorescence
from P2 (8) excitation and the other one equipped with
another filter to record the fluorescence from R(15)
excitation. From the relative fluorescence intensities
it should be possible to determine temperature fields
on the basis of a single laser shot.
Because there were no image intensifiers available,

we used the followingprocedure. The spectrometer is
fixed to 300.2 nm with a resolution of 1 nm. This
wavelength range is chosen to obtain optimum transmission for the Q(16), 3-2 emission, which follows
OH excitation on the R(15) line. A small fraction of
the fluorescence following P 2 (8) excitation [the P 2 (8),
3-2 emission] is also transmitted in this wavelength

range.
Now the laser is scanned only over the narrow range
containing the R(15) and the P 2(8) lines. Such laser
scans are made at different positions in the flame and
three of them are shown in Fig. 13. Because the
probed energy levels [P2 (8): 2 1 /2 ,N" = 8, R(15):
2
113/ 2,N" = 15] are almost 3000 cm-' apart, the ratio of
376
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and R 1(15) excitation.

the corresponding fluorescence intensities is very sensitive to small changes in temperature. Even temperature differences of 20 K, corresponding to only
o1% of the absolute temperature, can be measured.
To determine absolute temperatures, the attenuation
of the P2 (8) line at the special settings of the spectrometer is measured and included in the analysis.
A similar procedure is followed to determine the
rotational temperature of O2 (v" = 6). Now, the R(39),
1-6 and the R(15), 0-6 absorption lines, which are
<5 cm'1 apart, are used for excitation. Accurate rotational temperatures could be determined, even- far
above the burner tip with considerably colder 0 2 (v" =
6).

It should be noted that the noise in the temperature
data is essentially due to pulse-to-pulse fluctuations in
laser power and to instabilities in the flame. If temperatures

are, however, determined

in a single laser

0,(7)

S

the many different transitions in the tuning range of
the KrF laser and despite the complicated gas composition in the flame, the excitation spectra of OH, 02,
and H2 0 can be measured separately. From dispersion spectra information can be obtained about vibrational and rotational energy transfer and about FC
factors.
For all transitions a short predissociation lifetime in
the upper electronic state is found. This allowsLIF at
higher pressures without the typical problems of fluorescence quenching. Although the short predissociation lifetimes reduce the fluorescence yield dramatically, the emitted fluorescence intensity is still very
high, partly due to the larger densities at higher pressures and partly due to the efficient excitation with the
very strong tunable KrF laser. The experiment shows
that sufficient LIF signal is obtained from very small

3
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fluorescence volumes, even when a large volume is
330
A nm)
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Figure 14. Comparison of OH dispersion spectra for an 02-H2
flame and a butane flame excited on the P2 (8) line and recorded with
a resolution of 0.2 nm. In the lower trace, the sensitivity has been
changed by a factor of 5 at 6304 nm.

shot, these sources of error are completely eliminated.
The relative fluorescence yield is only determined by

illuminated. Therefore instantaneous temperature
field measurements should be possible with this method. The present experimental setup is however not
adequate for quantitative temperature measurements.
Experiments with planar LIF (Ref. 5) and an image
intensifier are in progress.

For both OH and 02 it should be possible to do
instantaneous temperature measurements with only
one laser because the fluorescence from simultaneously excited levels can be separated by spectral filtering.

same P2 (8) line. The upper trace shows the dispersion
spectrum for a butane flame, the lower trace the spec-

Because only one tunable excimer laser with somewhat
increased bandwidth is required in this case this implies moderate effort compared to other methods. For
example, for the simultaneous excitation of OH(22+, v'
= 3 2f, v" = 0) via the P2 (8) and R,(15) lines, the
emission lines are sufficiently spread in wavelength to
be separated by narrowband filters. For 02, the P(37)
line of the 1-6 transition and the R(17) line of the 06 transition can be excited simultaneously and the
corresponding fluorescence can again be separated by
filters. This allows the measurement of rotational

trum for an 02 -H 2 flame. The dispersion spectra are
clearly different in the 308-325-nm range, where emission from lower vibrational states occurs. This is best

shot basis.
In summary, the method of LIF with a high power

the rotational temperature in the flame. In contrast
to density measurements, which require the analysis of
absolute intensities, temperature measurements require only relative intensities and are therefore much
easier and much more precise.

Finally, we want to demonstrate that information
about vibrational energy transfer in OH(22+) can be
obtained from such data. Fig. 14 shows a comparison
of two dispersion spectra of OH, both excited on the

seen in comparison with the R2(6) line from the 3-3
vibrational transition at 326 nm. For the 0 2-H 2 flame
the fluorescence intensity is -5 times weaker than the
R 2(6) line, whereas for the butane flame the maximum
emission from lower vibrational states is twice as large.

Obviously much more vibrational energy transfer
takes place in a butane flame.
V.

Discussion and Conclusions

It is demonstrated that tunable high power excimer
lasers can be used to excite efficiently various transitions in OH, 02, and H2 0. Most of the spectroscopic
information about these transitions is well known and
has been used to identify unambiguously the excitation and dispersion spectra. For the first time the 30 vibrational transition in the 2Z+_2lI absorption band

temperatures

for

02

and OH with one laser on a single

tunable excimer laser via fast predissociating states is a

promising tool to make instantaneous temperature
field measurements.
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