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DISCUSSION OF TWO-PHOTON LASER-EXCITED FLUORESCENCE_'

AS A METHOD FOR QUANTITATIVE DETECTION OF OXYGEN
ATOMS IN FLAMES

U. MEIER, }J. BITINER, K. KOHSE- HOINGHAUS anD TH. ]UST

DFVLR-Institut fiir Physikalische Chemie der Verbrennung; Pfaffenwaldrmg 38-40 :
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Spatially resolved measurements of absolute oxygen atom concentratlons Jin. low pressure Cow
H,/0./Ar-, CH,/O,- and C,H,/O, flames are performed by two-photon laser excited fluo-
rescence. The measured signals are converted into O atom number densities using a cali- -
bration technique, based on the comparison of fluorescence signals in a flame with those in .
a discharge flow reactor. This procedure requires consideration of quenching processes; fur-
thermore, the influence of photoionization and potential photodissociation of flame gases must
be considered. The sensitivity of the derived concentrations to experimental parameters and

atomic quantities is discussed.

Introduction

The general goal of our fluorescence experiments
in flames is to compile a consistent set of experi-
mental data on concentrations of radical species un-
der a variety of flame conditions. We want to apply
consequently nonperturbative methods for the mea-
surements of radical concentrations like O, H, N,
OH, CH, NH etc. in selected flames in order to
avoid the wellknown difficult problems of flame dis-
tortion by probes. The thus cobtained database is
intended to serve for comparison with the results

of chemical-kinetic models of the corresponding .

flames, in order to test again and possibly improve
further existing numeric models. For this compi-
lation, low-pressure laminar premixed flames of se-
.]ected fuels, namely Hy, CH, and CoHj; are inves-
tigated. The kinetic mechanism for the oxidation of
these fuels may then be included as a subsystem
in the reaction system of more complex hydrocar-
bons.
Measurements of temperature and OH concen-
tration profiles in Hy, CHy, and C,H, flames have
ez | as well as CH concentra-

tions in CgHg/ 0, flames.? Recently, we developed
a method for quantitative H atom detection in ﬂames
using two-photon laser-excited fluorescence.’ Our
method will now be applied to O atoms.

Oxygen atoms have been detected in flames by
different optlcal methods spontaneous Raman
scattering® and CARS as well as fluorescence®”®
or optogalvanic®'® detection after two-photon ex-
citation. For the determination of absolute concen-
tration in flames, only one indirect method was re-
ported. ™

Our approach to derive quantitative O atom con-

centrations from two- photon exc1ted ﬂuorescence
signals is the same as used for. H atoms earlier.”

Since flames are opaque for VUV radiation neces-
sary for single photon excitation of oxygen atoms,
two-photon excitation at correspondmgly longer
wavelengths is a suitable alternative optical detec-.
tion method. In such an experiment, however, ﬂu-’ '
orescence signals depend strongly on the laser power -
density, which can be determined only with limited:
accuracy, since the laser beam has to be focussed
to obtain fluorescence signals ‘with sufficient signal-
to-noise ratio. In addition, the excitation rate is de-
termined by the two-photon transition’ probablllty,
which is not known with sufficient precision in many
cases. Due to these compllcatlons a direct mea-
surement of atom concentrations from known ex-
perlmental parameters and atomic transmon prob-
abilities is not trivial. Therefore, we apply a
calibration technique based on. the companson of
fluorescence signals in the flame with those from’
known atom concentrations, generated in_a dis-
charge flow reactor. The basic idea of this proce-
dure is to diminish, if not to cancel, the’ influence
of experimental parameters “and atomic quantities
when identical exc1tat10n/detect10n “conditions are
maintained. However, due to different pressures and
gas compositions in flame and discharge: ﬂowr re-
actor, respectively, several effects have to'be con-
sidered which could lead to erroneous atom. con-
centrations if neglected. These effects are:

quenching, photoionization, “and -photodissociation.
The latter has already been shown:to:be-a:serious
source of errors in the quantitative detection of at-
oms under unfavourable' conditions.®” % In" par-
ticular this is true for flames at atmospheric pres-
sure and at high temperatures. In the following, we
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shall discuss the calibration technique and show how
the influence of quenching can be taken into ac-
count. The effect of such quantities as two-photon
transition probabilities, laser power density, pho-
toionization and -dissociation cross sections, which
are known only with limited accuracy, on the de-
termination of O atom concentrations is investi-
gated. Finally, we present measurements of O atom
concentrations in selected Hy/Op/Ar flames where
temperature-, OH-, and H concentration profiles
have been measured earlier.

Experiment

The experimental arrangement was basicaily
identical to that used earlier for H atom experi-
ments.>'® Oxygen atoms in the discharge flow re-
actor were produced by the reaction N + NO —
O + Nj. The nitrogen atoms were generated in a
microwave discharge in Ny, diluted in helium. The
flow reactor was operated at pressures between 2.5
and 10 mbar (1.9 to 7.5 Torr) and total flow rates
of about 2 slm. The initial O atom concentrations
ranged from 5-10" to 5-10™ cm™3; they were de-
termined from NO mole fractions and pressure un-
der conditions where total conversion of NO into
O was assured.

Oxygen atoms were excited at the downstream
end of the flow tube using 226 nm radiation from
a frequency doubled, Nd:YAG pumped dye laser
running with a mixture of Rhodamine 6G and Rho-
damine B; its output was mixed with the residual
infrared radiation of the YAG laser. Pulse energies
of up to 4 mJ at 226 nm with an average bandwidth
of about 2 cm™! were thus obtained. The radiation
was focussed by a f = 50 cm lens into the flow
reactor. To avoid strong saturation of the excited
2p°P — 3p°P two-photon transition or ionization of
the 3p°P state, the laser was attenuated to pulse
energies less than 1 m]J, and the lens was placed
to the flow tube at a distance closer than the focal
length. Under these conditions, the focal beam di-
ameter at the detection volume was about 400 pm;
this was measured by scanning a 100 pm dia-
phragm across the beam profile. The peak power
was determined with a calibrated fast vacuum pho-
todiode. The resulting power density was usually
100 to 200 MW /cm® Fluorescence signals were
passed through an interference filter at 845 nm with
a FWHM of 12 nm and imaged by a f/4.5 lens
onto the cathode of a R636 multiplier (Hamamatsu).

From the observed solid angle and the burner di--

ameter of 42 mm,, it follows that fluorescence cut-
off by the burner occurs at heights less than 2.3
mm; this effect was taken into account by geomet-
rical considerations. Signals were averaged over
typically 100 laser pulses; the peak intensities were
evaluated. Under these conditions, the signal-to-noise
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ratio was always better than 10:1, even at low O
atom concentrations in the calibration runs or in
experiments with low laser intensities for power de-
pendence measurements.

Fundamental Relations

We shall discuss the calibration technique in more
detail by means of the differential equations gov-
erning the populations of the atomic states. The

states and processes involved in the two-photon ex-

citation process of O atoms are shown in Fig. 1.
Using the notation of Fig. 1 for the states, the pop-
ulations N; are given approximately by the follow-
ing expressions:

dN,
_Et_ = —N;* Wjg + Ng-(Qqy + Wyy)
+ N3 (Ag1 + Q31) + No* Wyss  (1a)
dNg N W
I 1° Wi
— Ng-(Qa3 + Qg + Wy + Py + Ayg)  (Ib)
Ny _ (Qu + Ag)
" 2°(Qa3 23

(Ic)

Ni-Ay and N;-Qy are the rates for spontaneous
emission and quenching from state i to state j; Q;
is given by the relation

— N3+ (As; + Q31 + Pg))

Qy = ; KET) - Ny, @

where k,[j-(T) is the temperature-dependent ratee

coefficient for quenching from state i to state j by
the collision partner k; the summation has to be
performed over all collision partners present in the
flame. Wy is the two-photon transition rate coef-
ﬁcient, given byl4 W12 = alg-li/h'vL; Qg is the
two-photon absorption cross section, I the laser
power density, and h is Planck’s constant. Corre-
spondingly, W3, describes stimulated two-photon
emission from state 2 to state 1. Py, are the rate
coeflicients for photoionization of state k (k = 2,3),
given by Py; = oy Ip/h- vy, where oy, is the pho-
toionization cross section for state k. Ng* Wy is
the rate for population of the O atom ground state
by photodissociation of a potential precursor mol-
ecule with concentration No; Wyis = Faiss * IL/P " Vi,
where @ 4; is the photodissociation cross section for
the precursor molecule.

This system of differential equations was solved
numerically for different values of the parameters
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Fic. 1. Energy levels and’ processes mvolved m

o two—photon exmtatlon/ﬂuorescence detectxon of ox- -

ygen atoms*

f'dlscussed above These calculatlons served two pur-
wo poses. . :
“*« Firsty the larger 1nﬂuence of quenchmg in ﬂames
,'compared to flow reactor conditions can be taken
- into account by’ so]vmg the equations for values of
- the quenching rates’ Qj corresponding to reactor and
~flame conditions. The calculated ratio of the maxi-
~mum populatlons ‘of state 2 for each case,.which are
proportlonal to” the. peak fluorescence _intensities,
defines a cahbratxon factor” Co Wthh is a dlrect

“measure for the loss of fluorescence intensity due ...

to quenching under flame “conditions:' Cq =
N2 max(Qreactor)/NZ ma.x(Qﬂame) Later we shall de-
scribe how the values for Co are obtained.

The second purpose of the numerical solutions of
the differential equation is to obtain information on
the sensitivity of the calibration technique to un-
certainties of quantities like oyy, Og;, Gaiss o1 Iy It
will be shown how saturation due to high power
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densities, strong photoionization or ‘additional atom

production by photodissociation affect atom concen-
_tration measurements.

Our experlments allow no determmatnon of the

branchmg ratios between the quenching rates to
* different final states; instead, only total removal rates

- Qg from state 2 could be measured. Investigation
~of the différential equations showed that the quan-

tity of interest, namely the populahon of state 2, is

‘not sxgmﬁcantly altered if either a “cascading”. pro-
: . cess or direct quenching from state 2 to state 1 is
- assumed. Ionization of state 3 has no noticeable ef-
“fect on the I)’of')uléit'lon"af state 2 and has therefore
~been disregarded in the calculations. Furthermore,

fine structure splitting is also neglected. Since the
splitting of the three fine structure levels of the 2p°P

_ground state ‘is large compared to the laser band-
_ width, excitation occurs only from one component.
~ For reasons of intensity, we generally used excita-
“tion from J" ='2.-This state has the additional ad-
“vantage of a relatlvely small temperature depen-

dence of the relative  population; the Boltzmann

~“fraction changed by less than 7% with temperature
- for all flames. According to two-photon transition

probab111tles all three fine: structure levels of the

3p°P state are. populated,’® ‘since the laser -band-
» width is too large to resolve the splitting of the fine
" “structure components.in the excited state.  There-
_fore, Qg Wy, and A23 must be con51dered as av-
eraged quantxtles -

Results and-Discussion

C alibratio‘:n h

In a typleal experlment ﬁrst a cahbratlon mea-
surement was performed in the discharge flow re-
actor,” which yielded. the-sensitivity for the, detec:
tion of oxygen atoms ‘at the partlcular experlmental
conditions given." " Then thé reactor was replaced by
the low-pressuré bumer, and’O atom' fluorescence
signals in different.flames were recorded, while all
other parameters hke laser beam proﬁl laser power,
and detection” optlcs remamed ‘the ' same. Un(ier
these ' conditions,” the oxygen atom’ concentratlon

[O]g at a gl en posmon in a ﬂame is glven by

Here, Ifjp “and Ifm aré the measured fluorescence

intensities in the burner and the reactor, respec-
tively; {O]g is the atom concentration in the flow:
reactor. B(Tr) and B(T}) are the relative popula-=

tions in the J” = 2 level at reactor and flame tem-
perature, respectively. Cq is the position-depen-
dent calibration factor for quenching and will be
discussed.
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If relative fluorescence intensities in the flow re-
actor are plotted as a function of NO concentration,
a linear correlation is obtained for up to 90% con-
version of the N atoms. At still higher NO number
densities, the curve levels out due to total con-
sumption of the initially generated N atoms. The
slope of the linear part of the curve yields the O
atom detection sensitivity. In our case, the slope
had a standard deviation of 2%, if geometries and
laser beam profiles were not too drastically altered,
the slope could be reproduced from day to day
within =~5%.

Quenching:

For the determination of the calibration factor C,
the quenching rate Q; must be known as a function
of temperature and position in the flame.

Measurement of Quenching Rates in Flames:

In a first approach to obtain values for Q,, we
measured individual rate coefficients for quenching
of O atoms in the discharge flow reactor for all col-
lision partners that are relevant in the flame.® These
rate coeflicients showed only weak temperature de-
pendence between room temperature and about 700
K, so we used the measured room temperature val-
ues to calculate Q. for flame conditions according
to Eq. (2). The required concentrations of the sta-
ble components in the flames were taken from model
calculations using the code of Warnatz.'®

In a second approach to obtain quenching rates
under flame conditions, we tried to derive them from
temporal fluorescence decays directly. This was
possible since the quenching rate coefficients for
oxygen atoms are sufficiently low, so that at the
pressures of our flames the decay rates were only
moderately fast. Nevertheless, the time response of
the photomultiplier had to be considered. This was
done by solving the system of differential equations
for different values of Qg and convoluting the re-
sulting time evolutions of Ny with the photomulti-
plier response function. The resulting “synthetic”
decay curves had now to be compared with the
measured ones. As a criterion for the quality of the
agreement between measured and simulated decay
curves, we choose the integral under the curves,
after normalizing them to a common maximum value.

Figure 2 shows an example for this procedure.
The dashed line represents a measured fluores-
cence time profile in a lean (& = 0.6) CH,/0,
flame, p = 40 mbar (flame 4), at 1 mm height above
the burner. The continuous lines are synthetic pro-
files for values for Qy of 1, 2 and 3-10° s™%. Very
good agreement is found for 2-10® 5™, the inte-
grals of the measured and synthetic time decay dif-
fered by 0.8% in this case. Random tests like this
have been performed for several other flames with
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different decay rates. The method is applicable in
our case for quenching rates up to about 4-10% s7%;
this limit is set by the response time of the pho-
tomultiplier used.

In Table I, quenching rates at selected heights
above the burner measured in this way are assem-
bled for all flames that have been investigated in
this study. For comparison, we included values for
the quenching rates that result from gas composi-
tion and room temperature quenching rate coefi-
cients; it can be seen that these values are gener-
ally considerably higher than the directly measured
ones. This indicates that the quenching rate and
hence the calibration factor Cq cannot be deter-
mined reliably from gas composition and room tem-
perature quenching rate coefficients. The ratios of
the quenching rates between different flames re-

flect coarsely the respective H,O concentrations,°

which is plausible since measurements at room
temperature showed that water is by far the most
eflicient quencher of all gases investigated. How-
ever, it must be noted that also CO and CO,, and
in the reaction zone, the fuel and O, contribute to
the quenching rate. Furthermore the flames have
different temperatures, which affect the quenching
rate via possible temperature dependences of the
individual rate coefficients.

The most instructive flame with respect to
quenching is no. 10, a Hy/Oo/Ar flame at 27 mbar
and equivalence ratio of @ = 0.6. Due to the low
pressure, the quenching rate is comparatively small,
so that it can be determined with high accuracy and
is furthermore practically not influenced by the re-
sponse time of the photomultiplier. The quenching
rate can be determined directly by fitting an ex-
ponential decay to the measured curve, which pro-
vides a test for the method of determining quench-
ing rates by integration described above. The burnt
gas of this flame consists of argon (66%), HyO (18.3%)

1.0
g -——- measurement
‘? simulction;
3 a: Qg = 1-108 5~
§ 091 b: Qo = 2-108 ™'
2 : Qp = 3108 57
]
3
o=

0

0 10 20 30 40 50
time (ns)

Fic. 2. Measured (——-) and simulated ( ) time
decays of O atom fluorescence signals for different
quenching rates; fluorescence signals in arbitrary
units
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¢ Quenching rates for oxygen atoms in low pressure flames.” Pressures were 95 mbar (72 Torr) for flames

1-3, 40 mbar (30 Torr) for flames 4-9 and 27 mbar (20 Torr) for flame 10. a: directly determined from . . :

txme decays of fluorescence signals, b: calculated from room temperature quenching rate coefficients
and mole fractlons of stable compounds

Qiienching Raté (10° 57,

Height above burner (mm)

Flame Mix. : 1 : _’2 : -
" no. Type Frac. a- b a’'+ b a b a b a b
1. H/O/Ar 0.6 250 520 230. 510 2.00 560 180 550 180 590
2 H,/O;/Ar 1.0 275 8.00 225 850 1.95 890 190 830 —  _
3 Hy/O,/Ar 14 "325 850 305 9.00 250 100 250 100 —  _
4 CH,/O, 06 200 330 190 310 1.90 3.00 1.85 3.00 195 3.30
5°  CH/O, 12 19 350 160 3.80 1.55 410 155 410 — = .
6 CH,/0, 16 200 330 185 3.25 140 320 150 3.20 165 3.90
T GHJO, 06 170 240 175 190, 1.60 .2.00 160 2.00 1.60. 2.00
L8 GH/0, 12 V1457270 140 2.70..1.25 7 2.60. 130 2.60 140 * 2.60
9°7% Gily/0, 16 100 290 1.20° 2.60..1.10 240 ~1.18 240 1.35°.2.40
- 20 30 40
o ‘. : a b ‘a ' b‘-,«;'«_-ra T b
H,/O./Ar 0.6 150 " — 075 — - 0.60 - —.

S

and only a few percent of H and Oz, 1ts temper-'
‘ature is 1350 K. Here, water contributes largest to

the quenching rate. The room temperature °

quenching rate coefficient of argon is more than two
‘orders of magnitude smaller than the one for water.' -
From lifetime measurements in the flow reactor,

2.8:107 s
measured quenchmg rate in the flame was rate 6- 107
; ! at 40 mm height above the burner. If it is as-

sumed that the total quenching is caused by water,
.1t can be concluded from the H,O concentration that

.~ the quenching rate coefficient for O(3p®P) by water .

is about 1.3+ 107° cm®/s at 1350 K, which is almost'
a factor of 3 lower than the value <of 4.9-107°

cm®/s measured at room temperature. ' If the con-
tribution of Ar would be larger, the rate coefficient
for water. would become even smaller. Such a de-
crease of the quenching rate coefficient with ‘in-
creasing temperature would be expected when the
collision - proceeds via an attractive potential sur-
face. This assumption is also supported by the large

.Toom temperature value.

Calculation of the Calibration Factors Cg:

To calculate the quenching calibration factor Co
in Eq. {3), we solved the system of coupled differ-
ential equations (la,b,c) for different values of Q.
Additional input parameters required were the two-

. photon absorptlon cross section e, the photmon-

ization cross section oy;, and the spontaneous tran-

“sition probablhtles As1 and Agy. Values for’ Oy and
_ayp have been reported recently;'®'® A, was taken
“ from Ref. 17, and for Ags we used our measured
“value of 2.8- 107'
the spontaneous ‘emission rate was found to be
in agreement with Ref. 17, and the -

For the laser power density
I}, we used an analytlcal expression of the form I
= a-t?-exp(— ct), where the parameters a, b, and

_ ¢ where chosen so that the resulting 51mulated pulse

. resembled a measured one with respect to peak in-
- tensity, pulse energy and half width. Calculations
.- showed that the temporal shape of the pulse has
- only little effect on Co. In a multimode laser ‘sys-°

tem, mode-beating can lead to short-time high in-

tensity ‘peaks which ‘can.not be detected with our
_available time resolution. However; if a large num-
“ber of modes occur during a pulse, these peaks will
be less pronounced, and in addition, their effect will . .

be “damped” somewhat by the cahbratlon proce-"
dure. : ‘
" The calculations were performed assummg a ﬂat

“spatial laser beam profile. The actual profile is very . ..
- similar to a Gaussian, which does not change the

value of Cg significantly compared to a flat profile,
for the same reason that applies to the dependence
on peak intensity (see Table II).

The calculation yields an almost linear depen-
dence of Cg on Q, with a slope of 3.08-107° 5 for
a peak power density of 1.1+ 10® W/cm?. This lin-
ear relationship holds as long as the quenching rate
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in the flame is much larger than in the flow reactor
and the pumping rate Wy, is small compared to the
spontaneous emission rate Ags; both conditions are
fulfilled in our case. If the quenching rates in the
flame and in the reactor are equal, Cq becomes
unity. For the flames investigated, the values of Cq
are between 1.2 and 1.5.

Sensitivity of Cg to Atomic and Experimental
Parameters:

As can be seen from Eq. (3), the atom concen-
tration in the flame is proportional to the calibra-
tion factor Cg; therefore, the accuracy of the de-
rived atom concentrations depends on the reliability
of this factor, which is, in turn, dependent on sat-
uration, photoionization and laser photolysis con-
ditions. In this section, we shall discuss the influ-
ence of these parameters on Cy.

Saturation:

For this section, we shall first assume that flu-
orescence signals are not affected by ionization of
the excited state or production of additional atoms
by photodissociation. For high laser intensities the
ground state will be noticeably depopulated. The
onset of saturation occurs at lower intensities in the
flow reactor than in the flame, since the faster
quenching under flame conditions helps to repo-
pulate the ground state, inhibiting saturation. This
is illustrated in Fig. 3a. Populations of level 2 are
plotted on a double logarithmic scale as a function
of laser intensity for quenching rates of zero (upper
curve) and 1.5-10% s71. The calculations were per-

formed with a value for aiz of 5.5-107% em?/W

as reported in Ref. 13. For low intensities, both
curves have a slope of 2, corresponding to a two-
photon transition. At intensities higher than those
typically used in our experiments, the upper curve
has a slope lower than 2. This implies that the value
of Cq, which is equal to the ratio of the populations
with and without quenching at a given intensity,
becomes smaller. A higher value for a5 has qual-
itatively the same effect; however, while the pump-
ing rate is linear with respect to a9, is quadrati-
cally dependent on Ij.

Ionization:

If the excited state is depopulated by ionization
after absorption of a third photon, the effect de-
scribed above becomes enhanced. Fig. 3b shows
the same calculation as in Fig. 3a except that now
ionization of level 2 is included; for the cross sec-
tion, the value of o3 = 5.3-107* ¢m? from ref.
13 was used. The deviation from a quadratic power
dependence becomes more pronounced than in Fig.
3a. The lower curve levels out less rapidly since
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quenching competes with ionization, decreasing the
ionization rate. Actually power dependences with
exponents between 1.65 and 1.95 have been mea-
sured in our experiments for power densities be-
tween about 0.6 and 6.0-10° W/cm?, the lower
values resulting from measurements in the dis-
charge flow reactor. From this result it can be con-
cluded that the input parameters are at least of the
right order of magnitude, although it should be noted
that power dependences are not too sensitive to e.g.
o9 over the experimentally accessible intensity
range, so that measuring power dependences is no
suitable way to determine ionization cross sections.

Table II summarizes the results of the described
model calculations. Calibration factors Cq resulting
from a quenching rate of 1.5-10° s* are given for
different laser intensities, ionization cross sections
and two-photon absorption cross section. Also quoted
are the deviations from a standard value of Co,
which was calculated with the values of ;9 and oy;

?

log N, . slope = 2
experiment /. b
a
14
a
3 a Q= 15108 s,
1 slope: 2.0
b: Q; =0 s7h
slope: 1.96
8.0 8.5
log I
log N, slope = 2
experiment /.
l b
14 - .
b
3 Q, = 1.5-108 571,
- slope: 1.79
b: Q=10 s'1;
slope: ~ 1.66

'r\i‘

8.5
log I

Fic. 3. Effect of saturation (a) and saturation
combined with photoionization (b} on the depen-
dence of two-photon excited fluorescence signals on
laser intensity; arrows indicate highest laser inten-
sity used in the experiments
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Sensitivity of the calibration factor” CQ to. laser intensity I, 'ionization- and two- photon absorptlon Cross-.
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sections; standard values (centre of.table): I, = 1.1-10° W/em? oo = 5.5-107% cm4/W Tap =

-1

5.3-107"° em® deviation (in %) from standard set in brackets; quenching rate:. L5: 10° s )

k]

Ty ILZ 0.2- IL.IJ

10T, 5.0° 1,

g @20 0.2 per L0 0ugg 5.0 a0 0.2 igp 1.0 Wigg 5.0 aizg 0.2 @ipgt 1.0+ miz 5.0

1.60 L

a0 0.2 1.60
(7.1) (7.1)

g0 1.0 1.57 1.57
(5.2) (5.2) 2)

G3i0- 5.0 1.49 149 © 149 1128
{0.0) 0.0 (0.0 (15.9)

- 1,46
(2.0)

1.25
(10.8)

.08 &L
(31.9)

given in Ref. 14 and a laser intensity of 1. 1 108
W/cm?, the highest intensity for which'no notice-
able saturation was found. Therefore,’Cq responds
less sensitively to a decrease of ays, @g; or Iy, than
to an increase of these quantities.” The data in Table
H underline the basic idea of the cahbratlon method,
that is, to obtain quantitative atom concentratrons

from a fluorescence experiment which are only
weakly sensitive to atomic and experimental param-

eters.

Photodissociation:

significantly to the atom concentratlon detected by
two-photon excited fluorescence.’®
dence that also the measurements in-the low-pres-
sure flames investigated here are affected by pho-

todissociation, if high laser intensities are applied. . -.
If additional atoms are produced . photolytically,

the fluorescence signal shows a I dependerice on -

" model calculatrons is good -for:‘the lean and stoi-

laser intensity with an exponent n larger than with-
out photolysis. For high laser intensities, measure-

ments of the dependence of fluorescence intensity

on laser power density in our flames®yielded ex-
ponents larger than expected for a system that is
not affected by photodissociation. The measured ex-
ponents ranged between 1.89 and 2.15 with stan-
dard deviations of usually +6% for laser power

densities between 2107 and 2-10° W/cm,? whereas .

calculations showed that without photoly51s an ex-
ponent of about 1.8 had to be expected.

This effect may in principle be used to calculate
the fraction of photolytically produced O atoms.
Practically, however, this procedure is not very ac-
curate since small changes of the power exponent
are associated with large changes in the relative
amount of O atoms produced by laser photolysis:
calculations showed that a difference of 10% in the
exponent results in a change of 40% in the atom

“There “is evi- * ¢

concentrations. More reliable:results can be ob
tained by successive measurements of O atom con-
centrations with stepwise reduction of the laser
power density. Since the amountof photolytically |
produced atoms depends linearly on the laser power
density, it can be concluded that the measurements
are not affected by photodrssomatron as long as the-
observed O .atom concentrations exhibit no depen—r
dence on:laser intensity. Y e

Figure 4 ‘shows measured concentration proﬁlesf

~ of oxygen atoms in three Hy/O5/Ar flames with dif-.

ferent eéquivalence ratios, together with the results

oyt of model caleulations. The error bars represent the:
It has been shown that in Hy/Os/Ar flames.at -
atmospheric pressure, O atom production by dis-
sociation of vibrationally excited Oy can contribute

overall - uncertainty, resulting from a statistical error
of 15% and an additional estimated error in Cq of
10% (see Table II). All three. profiles were mea-’
sured with laser power densities around 5- 10° W/

. In this range, the measuréd O atom concen-,
tratrons “showed no dependence on laser intensity,:
so that photolytic production could not contribute
srgnlﬁcantly to the measured atom concentrations;
this_result was also supported by :model calcula-:
tions. The agreement -between measurements and.

chiometri¢’ ﬂames The dlsagreement in the case of
the rich flame is probably due to larger uncertain-
ties in the measured temperature proﬁle for. thls.
flame. . v

Summary .- :

”,,g, P

The apphcatron of two- photon laser induced flu
orescence. for the measurement of absolute O atom’
number densities in low pressure flames has been .
discussed. The loss of fluorescence signal under flame’,
conditions due to quenching is accounted for by
measuring quenching is accounted for by measuring
quenching rates from time decays of the fluores-
cence signals and calculating the relative popula-
tions in the excited state under different quenching
conditions. The influence of saturation due to the
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F1G. 4. O atom concentrations in H,/Oy/Ar flames, p = 95 mbar (72 Torr); a: flame 1, equivalence ratio
0.6, temperature 1350 K; b: flame 2, equivalence ratio 1.0, temperature 1350 K; c: flame 3, equivalence

ratio 1.4, temperature 1100 K (——

high power densities necessary for a two-photon
process, of photoionization and photodissociation is
discussed. It is shown that the calibration tech-
nique using a flow reactor makes concentration
measurements relatively insensitive to uncertainties
in’ experimental parameters like laser power den-
sity, or atomic quantities like two-photon absorp-
tion or ionization cross sections. However, for the
highest power densities applied in our experiments,
. photolytic production of O atoms may become a
problem. Since it is difficult to correct measured
number densities with respect to photodissociation
subsequently, it is necessary to use high detection
sensitivity for the fluorescence radiation in order to
perform experiments at sufficiently low power den-
sities.

Basically, application of the technique described
in this paper to hydrocarbon flames as well as to
flames at atmospheric pressure is desirable. How-
ever, in these flames the problem of photodissocia-
tion may become more severe, as can be seen from
the results in ref. 10 and a preliminary investiga-
tion of a fuel-rich atmospheric pressure methane/
air flame performed in our group. Both the mea-
sured fluorescence intensity profile in the flame and
the dependence of fluorescence on laser intensity
showed that, at least in the burnt-gas region, vir-
tually all O atoms were produced photolytically.
These measurements were performed with a com-
paratively high laser intensity of >10° W/em®.
However, experiments with reduced laser intensity
turned out to be difficult, since at least in fuel-rich
hydrocarbon flames, a strong background emission
of the flame around 845 nm was ohserved, which
leads to insufficient signal-to-noise ratios at lower

): model; the error bar indicates overall uncertainty

laser intensities. Therefore, a successful appllcatlon
of the method described here to atmospheric pres-
sure hydrocarbon flames without major changes in
the detection and/or excitation system are ques-
tionable. .
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’ | COMMENTS

J. E. M. Goldsmith, Sandia National Laboraio-
ries, USA. From your measurement in the atmo-
spheric-pressure hydrocarbon flame, it appears that
photochemical creation of atomic oxygen in flames
is a more severe problem at atmospheric pressure

. than it is at reduced pressure. I have seen similar

" effects in hydrogen flames. Do you believe that this
difference is due solely to the decrease in radical
concentrations relative to stable species concentra-
tions at the higher pressure, or do other factors play
a role as well?

REFERENCE

1. J. E. M. GoLbsMmiTH, “Applied Optics 26, 3566
(1987).

Author’s Reply. If we compare O atom measure-
ments with equally high laser intensities in the burnt
. gas of fuel-rich 1) H,/O,/Ar flames at low pressure,
2) CH,/O, flames at low pressure and 3) CH,/O;
flames at atmospheric pressure, it is interesting to
note that the relative amount of O atoms produced
photolytically is comparable in the two methane
flames which have approximately the same chemi-
cal composition and temperature, whereas for the
diluted hydrogen flame with significantly lower
temperature, the extent of photolytical O atom pro-
duction is lower. This leads to the conclusion that
besides the ratio between radicals and stable spe-
cies, also temperature (via T-dependent dissociation
cross sections) and chemical composition (via more
potential O atom precursors in hydrocarbon than in
hydrogen flames) may play a role.

R. P. Lucht, Sandia National Laboratories, USA.

What species gives rise to the emission interference
in atmospheric pressure flames?

Author’s Reply. We have not yet identified the
source of the background emission, which is ob-
served also in low-pressure flames. However, it has
to be a hydrocarbon species since the emission does
not occur in Hy/O,/Ar flames, but in both CH,/O,
and C,H,/0, flames, and here mainly under fuel-
rich conditions.

N. M. Laurendeau, Purdue Univ., USA. How much
shift do you see in the O-atom profile if no cor-
rection for quenching is made? Also please com-
ment on the reasons for the greater disagreement
between the calculated and experimental oxygen
atom profiles.

Author’s Reply. The shift in the position of the
peak O atom concentration depends to some extent
on the flame under investigation; however, it was
usually 1 mm or less.

The ® = 1.4 H,/0,/Ar flame is the only flame
where the disagreement exceeds the experimental
error bars. In this case, probably an uncertainty in
the temperature profile leads to the difference be-
tween model and experiment, since the O atom peak
concentration occurs at low heights above the burner
where the temperature has a comparatively large
gradient. The stated experiment error bars do not
include uncertainties in the temperature profile.

®
J. B. Jeffries, SRI International, USA. Could you

comment on the choice between detection of the
fluorescence in the directly excited triplet system
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at 845 nm or detection of the fluorescence from the
energy transfer into the quintet system at 775 nm.

Author’s Reply. Although the sensitivity of our
detection system is higher at 777 than at 845 nm,
we cannot exploit it since in the case of the ref-

erence measurement in the discharge flow reactor,
the energy transfer to the quintet system is too in-
efficient to produce a sufficiently high population in
the SP state; this is due to the considerably lower
pressure.
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