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Laser-induced fluorescence has been observed form the formaldehyde A' A,-X 'A, electronic transition in a well characterized,
laminar methane/air diffusion flame burning at atmospheric pressure. This represents the first optical measurement in flames of
naturally occurring formaldehyde, an important intermediate in the oxidation of hydrocarbons. Both 355 nm and tunable dye
laser excitation of fluorescence are demonstrated. The observed fluorescence signals are corrected for partition function effects
and for estimated collisional quenching rates to obtain relative concentration profiles.

1. Introduction

Laser-induced fluorescence (LIF) is one of the
most versatile diagnostic methods used to probe
combustion environments, both for species concen-
trations {1] and for multi-dimensional imaging ap-
plications [2]. Numerous atoms and diatomic mol-
ecules have been detected in flames with a variety of
single-photon and multi-photon fluorescence ap-
proaches. However, species-specific data have been
obtained for only a handful of polyatomic molecules.
Optically accessible fluorescence states are often
either unknown or non-existent for even small poly-
atomics. A recent review of combustion measure-
ments listed only two four-atom species detected via
LIF in flames - acetylene and seeded formaldehyde
- and no larger species [1]. Here we report the first
optical detection of nascent formaldehyde in a flame
environment. Our experiments illustrate both the
convenience of LIF for flame measurements and the
difficulties involved in transforming a fluorescence
measurement into a relative concentration profile for
a molecule with a large partition function at elevated
temperatures.

Formaldehyde is an important intermediate in the
oxidation of hydrocarbons [ 3], particularly in meth-
ane combustion where the decomposition of the
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methoxy radical (CH;O 4+ M) and the reactions of
CH;0'+H and CH;+0:, O,, OH", and perhaps
HO; are involved in its production. Formaldehyde
is destroyed by H-atom abstraction reactions with
H'. O:, OH", and CH; to form HCO. Calculations of
the detailed chemical structure of counterflow and
co-flowing methane/air diffusion flames indicate that
the peak formaldehyde mole fraction is expected to
approach one part per thousand in fuel-rich regions
[4.5].

Formaldehyde is well studied spectroscopically.
The A'A,-X'A, electronic transition is the subject
of a historic paper by Dieke and Kistiakowsky [6]
published in 1934, This is perhaps the earliest ex-
ample of the rotational analysis of a polvatomic mol-
ecule [7]. Since then many investigators have con-
tributed to an exhaustive spectroscopic analysis of
most of the optically accessible A-X vibronic bands
[8]. Because the rotational constants of formalde-
hyde are relatively large. and given the significant
geomeltry change upon excitation, the rotational
structure of the A-X manifold is surprisingly open.
The spacing between the individual J, K transitions
is often on the order of a few tenths of a wavenum-
ber. and thus can be resolved using conventional
pulsed dye lasers.

The accessibility of the A-X transition and the
availability of detailed spectroscopic information
have fostered numerous investigations of formal-
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dehyde photochemistry. Coupling of the excited A
state of formaldehyde to the lowest triplet state and
to the dissociative continuum causes interesting
photochemical effects, especially a large variation in
individual collision-free rovibronic excited state life-
times [9]. The lifetimes of the A state vibrational
bands decrease at higher energies due to predisso-
ciation, though not monotonically [10]. Dissocia-
tion becomes so fast at excitation wavelengths shorter
than 290 nm that fluorescence is undetectable for
strong features in the corresponding absorption
spectrum. Because of predissociation, the lowest en-
ergy vibronically allowed one-photon transition, A-
X 4}, is the strongest fluorescence band. This band
is well suited for diagnostic applications, extending
from about 352 to 357 nm.

Formaldehyde measurements in combustion en-
vironments have proven to be difficult. Mass spec-
trometry cannot easily distinguish formaldehyde
from ethane at m/e=30 in hydrocarbon flames [11],
since their ionization potentials, 10.87 and 12.0 eV
[12] respectively, are similar. Some results have been
reported in low-pressure, premixed flames
[11,13,14]. Gas chromatography provides a clear
identification of formaldehyde at the expense of time
consuming gas sampling and analysis procedures.
Optical detection can furnish an unambiguous as-
signment, but reported measurements are scarce.
Formaldehyde emission has been observed in low-
temperature flames [15], and Garland [16] first as-
signed a broad laser-induced fluorescence spectrum
excited at 355 nm to formaldehyde in an investi-
gation of an internal combustion engine [17]. To our
knowledge, there exist no prior optical measure-
ments of native formaldehyde under high-tempera-
ture flame conditions.

2. Experimental approach and results

The laser-induced fluorescence measurements of
formaldehyde have been carried out in a well char-
acterized, laminar methane/air diffusion flame
burning at atmospheric pressure. The rectilinear
Wolfhard-Parker slot burner and the laser system
used in these experiments have been described in de-
tail previously [18-24]. Fig. 1 is a schematic dia-
gram of this burner, the flame stabilizing screens, and
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Fig. 1. Schematic diagram of the burner and the optical setup for
the taser-induced fluorescence measurements. The flame is sta-
bilized by two curved screens [18].

the optical setup. Methane flows from the center §
mm wide slot and dry air from the outer two 16 mm
slots, producing a diffusion flame with two identical,
two-dimensional flame sheets. A long pathlength
(40-45 mm) of uniform temperature and chemical
composition along the direction of the laser beam fa-
cilitates LIF detection. This geometry allows highly
precise lateral profile measurements (£0.1 mm in
the x direction, fig. 1) to be made.

Flame conditions were identical to those used pre-
viously for profiles of the temperature [ 18], velocity
[ 18], and various radical and stable species [18-24].
In the present study either a monochromator or a
photomultiplier tube/filter combination detected
laser-induced fluorescence at 90° to the direction of
the laser beam. Initially, 355 nm radiation (15-60
mJ/pulse), produced at 10 Hz by a Molectron *'
MY35-10 Nd**: YAG laser and focused with a 100
mm spherical lens, excited the formaldehyde fluo-
rescence. Excitation at 355 nm probes weak rota-
tional transitions within the A 'A,~X 'A, 4} vibronic
manifold. A 350 nm f/6.8 grating monochromator
(GCA/McPherson) collected a fraction of the flu-
orescence focused with a second 100 mm focal length
lens. The monochromator slit width was set to give
a bandpass of 2 nm in order to obtain a sufficiently
high signal-to-noise ratio.

Fig. 2 shows the dispersed fluorescence spectrum

#! Certain commercial equipment is identified herein in order to
adequately specify the experimental procedure. Such identifica-
tion does not imply recommendation by the National Institute of
Standards and Technology, nor does it imply that this equipment
is the best available for the purpose.
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Fig. 2. Dispersed fluorescence spectrum of formaldehyde excited
by 355 nm light at a height H=1 mm above the burner surface.
The vibrational fluorescence bands are labeled along with 1two
methane Raman bands, which are also detected with the flame
off while flowing fuel.

from 380-470 nm excited at 355 nm, which pro-
vides confirmation of formaldehyde detection by
comparison with a literature spectrum taken in a cell
[25]. Also present are peaks assigned to methane
Raman transitions (at frequency separations of 2914
cm~' and ~4500 cm~!), which are also observed
when the flame is not lit, and broadband fluores-
cence attributed to polycyclic aromatic hydrocar-
bons (PAH) [18].

Profiles of the formaldehyde fluorescence as a
function of lateral flame position (the x direction in
fig. 1) were first obtained by translating the burner
with the monochromator set to the strongest vi-
bronic band at 412.5 nm. However, a detection
bandwidth of 2 nm provides a wavelength interval
too large to observe PAH fluorescence independent
of formaldehyde LIF. Subtraction of off-resonance
signals from on-resonance data yielded formalde-
hyde profiles which were biased toward low-tem-
perature regions. In order to better discriminate
against this background PAH fluorescence, dye laser
excitation of formaldehyde between 350 and 355 nm
was utilized.

The dye laser experiments employed 0.2-0.9 mJ
pulses of ultraviolet light with a bandwidth of =~0.5
cm~!. A 100 mm spherical lens focused the incident
light to a~ 0.1 mm diameter spot at the center (along
the y direction in fig. 1) of the CH,/air flame. For
greater sensitivity a photomultiplier tube with two
filters, Corning GG-395 long pass and Corion LS-550
short pass, detected the formaldehyde LIF with an
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overall bandpass of 155 nm. Fig. 3 shows a portion
of the K-resolved excitation spectrum of formalde-
hyde obtained at a height (H) of | mm above the
burner, with partial J resolution. Assignment of the
spectrum is based on constants from the literature
[8] and a calculation of the asymmetric top levels
with a NIST computer program [26]. Reference to
tables in Dieke and Kistiakowsky [6], which list
transition energies for K” =3 and higher, confirmed
individual transitions.

The most prominent feature in the spectrum shown
in fig. 3 is the ®R; bandhead at 28370.5 cm~'. Here
the notation is that for a symmetric top transition,
although formaldehyde 1s a slightly asymmetric ro-
tor. The left superscript labels the change in the K
quantum number, the change in J is indicated at the
center, and the right subscript denotes K". For ex-
ample, RR;(9) denotes AK=+1, AJ=+1, K" =3,
and J” =9. Tuning to this bandhead provided max-
imum fluorescence intensity for measuring on-res-
onance profiles. Off-resonance profiles were taken
by tuning the laser frequency just to the blue at
28371.5 cm™"'. At this frequency there is still a small
contribution from weak formaldehyde rotational
lines (less than 1 part in 30 relative to the back-
ground PAH fluorescence). Fig. 4 presents the pro-
file data, obtained with the laser wavelength tuned
on and off resonance, for three heights in the flame.
These measurements involved averaging 20 laser
shots per position and taking points every 0.2 mm
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Fig. 3. Partially rotationally resolved fluorescence of the 44 vi-
bronic band of the A 'A,-X 'A, transition in formaldehyde ob-
tained at a height H=1 mm above the burner surface using dye
laser excitation. Rotational ladders are assigned using constants
from ref. [8] and line positions from ref. [6].
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Fig. 4. Formaldehyde LIF profiles obtained using dye laser exci-
tation and measured at heights of 1, 5 and 9 mm above the burner
as a function of lateral flame position. The data are shown with
the laser tuned to resonance with the ®R, bandhead at 28370.5
cm~! (solid symbols) and off-resonance at 28371.5cm™! (open
symbols). The zero signal levels are indicated.

across the burner. Laser power measurements were
obtained simultaneously. The laser power stability
was less than optimal, varying by about 20% through
a set of profiles collected at heights from 1 to 11 mm
above the burner in 2 mm increments. Although
formaldehyde fluorescence increased linearly with
laser power (see below), the PAH fluorescence sig-
nal was saturated under our experimental condi-
tions. Thus, subtraction of off-resonance from on-
resonance profiles was optimized when the data were
obtained with constant laser intensities as identical
as possible at each height above the burner.

The accuracy of the subtracted fluorescence pro-
files depends upon equal laser fluence at all of the
measured points and upon the extent to which the
PAH background can be removed. The symmetry in
the LIF signals about the burner centerline indicates
that the formaldehyde fluorescence is not being ab-
sorbed by the flame. Any attenuation of the incident
laser light was below detectable limits ( <1%). The
background PAH fluorescence profiles were insen-
sitive to the excitation wavelength in the 352-357
nm region. No evidence for the photolytic produc-
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tion of formaldehyde was observed in these experi-
ments, i.e. the shape of the profiles did not depend
upon the laser intensity.

The strongest formaldehyde LIF signals are ob-
served low in the flame, where coincidently the non-
resonant PAH background LIF signals are small. At
higher flame positions, for example in the H=7-11
mm region, the observed formaldehyde signal de-
creases while the background from PAH fluores-
cence rises dramatically, as seen in prior work on this
flame [18,20,23]. The most successful method of re-
ducing the PAH background contribution was to in-
crease the incident laser intensity as much as pos-
sible. Qualitative tests of the linearity of the
fluorescence signal with laser power showed that the
PAH signal was saturated at a few tenths of a mi!-
lijoule per pulse, whereas formaldehyde fluorescence
remained linear up to the highest obtainable dye laser
intensities (= 1.5 mJ/pulse). This linearity of the
formaldehyde fluorescence at high incident laser in-
tensities is due to a combination of a low intrinsic
probability for the A-X transition (the radiative
lifetime is ~3.1 us [27]) and rapid rotational en-
ergy transfer in the excited electronic state [28]. The
formaldehyde signal versus intensity results can be
compared to previous work on the easily saturable
AZZ*-X2[1* OH transition, performed under sim-
ilar laser and flame conditions. Optical saturation of
the A'A,-X'A, transition of formaldehyde is ex-
pected to require at least a {00-fold higher intensity
than this OH" transition [29].

Determination of a relative concentration profile
from the observed net LIF formaldehyde profile data
requires two corrections. These include compensa-
tion for the variation of the collisional quenching rate
with flame position and the Boltzmann population
of the ground rotational levels involved in the RR,
bandhead (141 and 160 cm ™! above the rotationless
energy of the X state). The latter is by far the larger
correction, since the formaldehyde partition func-
tion varies rapidly with temperature. Cline and
Varghese [30] have pointed out how strongly the
partition function lowers estimated detection limits
for formaldehyde at elevated temperatures. Using
previously measured temperature profiles [18], the
formaldehyde partition function has been calculated
with a statistical mechanical formulation [31]. At
higher temperatures the partition function effects re-
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duce the observed LIF signals, since a greater num-
ber of quantum levels are energetically accessible.

Collisional quenching cross sections have not been
measured for formaldehyde at elevated tempera-
tures. A 1/ \/7" correction has been made to account
for the overall collision rate, which varies strongly
across the CH,/air diffusion flame due to large tem-
perature changes. This may be a poor approximation
to the actual quenching rate, since the chemical com-
position changes rapidly across the formaldehyde
profile { 18]. Thus, the accuracy of the derived con-
centration profiles for formaldehyde is limited by the
estimated quenching corrections. Quenching consid-
erations act to boost the observed LIF signal in high-
temperature regions, since the quenching rate is ex-
pected to be lower. Fig. 5 presents a typical mea-
surement at /=35 mm above the burner; the net flu-
orescence signal, the temperature, the various
correction factors, and the resulting relative form-
aldehyde number density profile are shown.

As is evident in figs. 4 and 5, formaldehyde LIF
signals appear only in rich flame regions, inside the
positions of the temperature maxima. At higher flame
positions the formaldehyde signal is detectable only
near the burner centerline. In the region where the
PAH interference is largest, significant concentra-
tions of formaldehyde could be present and not de-
tected in these experiments, primarily due to the
partition function dilution of the LIF signal. For ex-
ample, at H=5 mm we estimate that at the location
of maximum PAH fluorescence (x=*4 mm) up to
25% of the centerline formaldehyde concentration
would be difficult to differentiate from the PAH
background, assuming that the quenching and par-
tition function corrections are accurate. Nonethe-
less, there appears to be an overall accumulation of
formaldehyde along the centerline, with a corre-
sponding decrease near the high-temperature reac-
tion zones. At H=3 mm above the burner, the form-
aldehyde fluorescence can be detected at
temperatures up to 1600 K, but at /=9 mm it is ob-
servable only up to 980 K. In the region of H=3 to
9 mm the PAH interference increases by only a fac-
tor of 2 and thus cannot account for the loss of form-
aldehyde signal at high temperatures. No other in-
termediate species detected in this flame (e.g.,
acetylene, benzene, and CO) exhibits such a rapid
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Fig. 5. Temperature, net formaldehyde LIF signal, corrections,
and the resulting relative formaldehyde number density at a height
of 5 mm above the burner. (A) Radiation-corrected thermocou-
ple temperature measurements [18]. (B) Net background-sub-
tracted formaldehyde LIF profile with subtraction noise at lat-
eral positions of 4-6 mm from the burner centerline omitted. (C)
Arbitrarily scaled multiplicative correction factors used to ac-
count for the effects of collisional quenching and partition func-
tion dilution of the observed signal in high-temperature regions.
(D) Relative formaldehyde number density profile determined
from multiplying the net LIF signal by the correction factors. Al
of the data have been symmetrized by averaging about the burner
centerline.

accumulation along the centerline {18].

3. Discussion

Laser-induced fluorescence from formaldehyde is
readily observable in a CH,/air diffusion flame close
to the burner surface. The LIF signals are reduced at
high flame temperatures due to partition function ef-
fects, and at higher flame heights, corresponding to
later times, the observed formaldehyde profiles be-
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come considerably narrower. Part of the explanation
for this behavior concerns the interference from
broadband PAH fluorescence, which increases rap-
idly with increasing height above the burner (fig. 4;
[18,20,23]). However, interference from this PAH
fluorescence and a gradual rise in the flame temper-
atures in rich regions with increasing height would
not seem sufficient to explain the lack of detectable
formaldehyde fluorescence near the high-tempera-
ture reaction zones. Qur data suggest that a major
chemical source of formaldehyde exists low in the
flame and that the rate of formation of formalde-
hyde is reduced at higher flame positions. One of the
production routes for formaldehyde, the reaction of
the methyl radical with O, to give CH;0°, may be
enhanced close to the burner, where some O, pen-
etration occurs [24]. Once formed, the convective
streamlines carry formaldehyde toward the burner
centerline [ 18], where temperatures are cooler and
radical concentrations are negligible. As a result, the
formaldehyde concentration can build up in rich
flame regions where there are no chemical sinks.
Smooke et al. have carried out a detailed com-
putation of the chemical structure of an axisym-
metric, co-flowing CH,/air diffusion flame [5].
which shows that the peak concentrations of both the
methyl radical and the formaldehyde lie close to the
burner surface. In addition, the spatial evolution of
the methyl radical and formaldehyde concentrations
are closely parallel, suggesting that the dominant
formaldehyde formation route involves CH;. Un-
fortunately, the limited spatial extent of our relative
concentration profiles for formaldehyde precludes
both a meaningful calculation of overall production
and destruction rates and a detailed reaction path
analysis. In particular, at the intermediate flame
heights (H{=7-11 mm) where these analyses have
been carried out previously in this flame [20,23,32-
34] the formaldehyde concentration data do not
overlap the profiles of the major radicals H" [21], O:
[21], and OH" [20}. Analysis of the chemical roles
of formaldehyde must await improved concentra-
tion measurements. A higher power and more stable
laser source would yield better LIF measurements of
formaldehyde near the high-temperature reaction
zones. It is also possible that multiphoton ionization
[35] or tunable diode laser diagnostics may provide
enhanced sensitivities. Gas chromatographic mea-
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surements would yield quantitative formaldehyde
data and could be used to test the accuracy of our
corrections to the LIF measurements.

4. Conclusions

We have observed the 4} vibronic band of the
A'A,-X 'A, transition of formaldehyde via laser-in-
duced fluorescence near 353 nm in a CH,/air dif-
fusion flame burning at atmospheric pressure. This
band shows promise for diagnostic applications in
combustion conditions, since the LIF signal is suf-
ficiently strong to carry out two-dimensional imag-
ing experiments. Formaldehyde fluorescence is eas-
ily recognizable in a CH,/air flame and would likely
be detectable in other hydrocarbon flames; the re-
quired near-ultraviolet wavelengths are widely ac-
cessible with conventional pulsed dye laser systems.
Identification of formaldehyde is also readily accom-
plished with simply the third harmonic from a
Nd**:YAG laser at 355 nm. The most significant
problems in making profile measurements are the in-
terferences from PAH fluorescence and the large par-
tition function dilution of the observed signal which
occurs at flame temperatures.
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