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Abstract. We describe photochemical production of C, in the upper (4°I1,) and the lower
(a*I1,) levels of the Swan-band transitions by 266 and 292-nm laser irradiation of flames and
room-temperature flows of acetylene and ethylene. Topics treated include the spectroscopy
of the Swan bands, lifetimes and quenching of the Swan-band emission, intensity
dependences of the Swan-band emission in several environments, profiles of C, in low-
pressure hydrocarbon flames, and the affect of Swan-band emission on three-photon-
excited fluorescence detection of atomic hydrogen in hydrocarbon flames.
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The Swan bands of the C, molecule (d°II,—a’Il,
transitions in the range 400-600 nm) appear frequently
in the spectroscopic literature. These bands give rise to
the rich blue-green emission evident in hydrocarbon
flames, and have long been studied in flame emission
spectroscopy [1]. Their convenient wavelengths have
been exploited for a variety of laser-based measure-
ments of C, in flames. In a different vein, C, Swan-
band emission seems to be ubiquitous in many envi-
ronments, appearing almost any time that intense laser
pulses, with wavelengths anywhere through the visible
to the vacuum-ultraviolet regions of the spectrum,
irradiate carbon-containing compounds. In this paper,
we attempt to characterize the laser-induced creation
of Swan-band emission in cold gases and flames, and to
discuss the impact of these processes on some laser-
induced fluorescence measurements in flames, partic-
ularly three-photon-excited fluorescence detection of
atomic hydrogen [2].

Classical flame absorption and emission measure-
ments of C, are described in [1]. Laser excitation of the
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Swan bands have been used in several flame studies,
first relying on the accidental coincidence between the
514-nm line from the argon-ion laser and transitions in
the (0,0) Swan band [3], and then using a tunable dye
laser [4]. Later refinements include saturated flu-
orescence measurements [5,6], intracavity tomo-
graphic [7] and fluorescence [8] measurements, one-
[91 and two-dimensional [10,11] fluorescence imag-
ing, and coherent anti-Stokes Raman spectroscopy
(CARS) studies [12, 13]. In a separate class of studies,
Swan-band emission has been observed in many
experiments involving irradiation of carbon-
containing solids and gases with intense laser pulses,
even though the sample may not contain any nascent
C, and the laser wavelength is not resonant with any
single- or multiphoton resonances of C,. Analysis of
Swan-band emission created by focusing a laser beam
onto a graphite block was reported shortly after the
invention of the laser [14]. Multiphoton infrared [15]
and ultraviolet [16] processes leading to Swan-band
emission have also been described.

Swan-band emission from laser-created C, has also
been shown to affect directly several laser-based com-
bustion diagnostic techniques. Swan-band interfer-
ences can directly affect CARS measurements made in
sooting flames [17]. In a study of simultaneous
fluorescence imaging of C, and OH in flames, use of a
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309-nm laser beam to excite OH fluorescence did not
create measurable quantities of C,, but use of a 282-nm
beam did create significant quantities of C, (not
resonant with the OH transitions) [9]. In two-photon-
excited fluorescence studies of CO using a 230-nm laser
beam, strong Swan-band emission was produced, even
when the sample was pure CO in a cell; unlike the
previous 282-nm case, in the CO study the C, emission
was primarily resonant with the CO two-photon
excitation process [ 18]. Interferences with fluorescence
[19] and Raman [20] measurements caused by cre-
ation of C, by multiphoton processes using visible
laser wavelengths in nonsooting regions of diffusion
flames have also been described.

In this paper, we first describe the experimental
apparatus used for the C, studies. We next describe the
spectroscopy of the Swan bands, illustrating it with
laser excitation and resolved emission spectra. The
temporal behavior of the emission pulses is described
next, followed by a description of the intensity de-
pendences observed for the photolytic creation process
in cold gases and under flame conditions. The final
sections of the paper describe profile measurements of
nascent and created C, in flames, and discuss the
impact of Swan-band emission on fluorescence detec-
tion of other species. Three excitation wavelengths
were used in these studies. Laser-induced fluorescence
measurements of the (0, 0) rovibronic transitions of the
Swan bands were made using 517-nm radiation.
Photochemical creation studies were performed using
both 266 and 292-nm radiation; the former was chosen
because of the ease with which it can be generated, and
the latter was chosen because it is used for three-
photon-excited fluorescence measurements of atomic
hydrogen in flames [2].

1. Experimental Apparatus

Three excitation wavelengths, 517, 292, and 266 nm,
were used for the measurements described in this
paper. Tunable 517-nm radiation was produced by
using the 355-nm third-harmonic output from a
Quanta-Ray DCR-2A Nd:YAG laser to pump a
Quanta-Ray PDL-2 dye laser with Coumarin 500 dye.
Tunable 292-nm radiation, used for three-photon
excitation of atomic hydrogen [2,21] and C, creation
studies, was produced by using the 532-nm second-
harmonic output from a Quantel 581-C Nd:YAG
laser to pump either a Quanta-Ray PDL-1 dye laser
(0.25cm™! nominal bandwidth) or a Lumonics
HyperDYE-300 laser (0.08 cm ~ ! nominal bandwidth),
both operated with Kiton Red dye, and subsequently
frequency-doubled by a Quanta-Ray WEX-1 wave-
length extender. Fixed-wavelength 266-nm radiation
(~0.1 cm~! bandwidth), used for C, creation studies,
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was produced by frequency-doubling the 532-nm
output of the Quanta-Ray DCR-2A Nd :YAG laser by
a second WEX-1 wavelength extender, using the C-7
83° KDP crystal in the CM-2 crystal module in the
location normally occupied by the CM-1 module. This
scheme made it possible to use the active crystal-angle
stabilization provided by the WEX to produce the
fourth-harmonic Nd :YAG wavelength, avoiding the
long-term power instabilities generally associated with
fourth-harmonic operation. The pulse energy focused
into the flame chamber was controlled using a New-
port Corporation Model 935-10 variable attenuator,
and the energy of each pulse was measured by placing
an uncoated beamsplitter after the flame chamber and
reflecting a fraction of the beam into a Molectron
Detector Inc. Model J3-09 pyroelectric Joulemeter.
The output of the Joulemeter was calibrated by
measuring the pulse energy of the full beam with
Scientech Model 38-0103 and 38-0105 energy meters.

All measurements were performed using a vacuum
chamber designed for operation with low-pressure
flames. Premixed gases, with flows controlled by Tylan
flow controllers, entered the chamber and flowed
through the center section of a McKenna Inc. 6-cm-
diameter flat-flame burner, which was mounted on a
computer-controlled micrometer stage for measuring
vertical flame profiles. This center section consists of a
porous plug of sintered material; burners containing
bronze and stainless-steel center sections were used.
The pressure in the chamber was monitored and
controlled by an MKS control system. The flow
characteristics of the flames we investigated are sum-
marized in Table 1; most of these flames were chosen
because they have been used in other studies ([21] and
references therein). The same apparatus was used for
the cold-gas (room temperature) measurements de-
scribed in this paper, maintaining gas flow rates
sufficient to ensure fresh packets of gas for each laser
pulse to avoid build-up of photolysis byproducts.

Table 1. Flames investigated in this study

Equiva- Pressure Fuel Oxidant Diluent
lence [Torr] [1/min] [1/min] [l/min]
ratio

0.6 30 CH,(1.5) 0,(5.3) -

1.6 30 CH,(3.0) 0,(3.8) -

1.2 30 C,H,(1.5) 0,(3.8) -

1.0 30 C,H,(0.2) 0,(0.5) Ar(3.9)

1.6 25 C,H,(1.1) 0,(1.7) Ar(7.0)

1.8 25 C,H,(1.2) 0,(1.7) Ar(6.2)

2.0 25 C,H,(1.4) 0,(1.7) Ar(6.2)

24 25 C,H,(1.6) 0,(1.7) Ar(0.7)
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Standard-grade gases (H,, CH,, C,H,, C,H,, O,, and
Ar) were used for all measurements. Analysis of gas
from the acetylene cylinder indicated 98.1% C,H,
1.82% acetone (stabilizer), 0.05% H,, 0.02% O,, and
0.01% C, and C; hydrocarbons. The acetylene was
filtered by an activated charcoal filter (Matheson 454),
but no further gas purification measures were taken.

Swan-band emission from the laser-excited gases
was monitored by two detection systems. For most of
the studies, the emission was filtered by a 560-nm
interference filter (9 nm bandwidth FWHM), which
transmitted radiation in the dv= —1 bands [(0,1),
(1,2), etc.; the values (v,v") refer to the vibrational
levels of the upper (v') and the lower (v”) electronic
states]. Resolved-emission spectra were recorded using
a Spex Model 1870-C0.5-m spectrometer. For both
systems, the transmitted radiation was monitored by a
Hamamatsu R-955 photomultiplier, with the output
pulses amplified by a Comlinear E-103 video amplifier.
Most measurements were made using a Stanford
Research Systems SR-250 gated integrator to integrate
the emission signal, followed by analog-to-digital
conversion for subsequent processing by the DEC
MicroVAXII microcomputer that controlled the
experiment. Measurements of the temporal decay
profile of the pulses were made using a LeCroy Model
9400 digital oscilloscope, operated using random-
interleave sampling and 10-trace averaging. Using a
Hamamatsu Model C1308 pulser (pulse duration
<1 ns), we measured an instrument-limited exponen-
tial fall time of 8 ns and a rise time of 2 ns, capable of
resolving all but the fastest decays observed in our
studies.

2. Spectroscopy

The Swan bands arise from transitions between the
a’I, and d°I1, electronic states of the C, molecule.
The a*I1, state was originally believed to be the lowest-
lying electronic state of the molecule, causing the a1,
and d*]1, states to be labeled X311, and A*I1, in early
literature [22]; the a®I1, state in fact lies 716 cm !
above the true X 12; ground state [23]. The broad
structure of the Swan-band emission is shown in Fig. 1.
This spectrum was recorded by irradiating a 25-Torr,
equivalence ratio 2.4 (fuel-rich) acetylene-oxygen-
argon flame with 15-mJ, 292-nm laser pulses, and
resolving the laser-induced C, emission at relatively
low resolution (~0.6nm FWHM) with the Spex
spectrometer. The rotational structure of the Av=—1
progression is shown at higher resolution (~0.15 nm
FWHM) in Fig. 2, recorded by irradiating a 25-Torr
flow of room-temperature acetylene with 20-mJ,
266-nm . pulses. We did not see any indication of
enhanced emission from v'=6 levels in any of our
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Fig. 1. Spectrum of the resolved Swan-band emission produced
by irradiating a 25-Torr acetylene-oxygen-argon flame stabilized
on the bronze burner with 292-nm laser pulses and recorded
using the Spex spectrometer with 200-pm slits. The peak at
532 nm is from scattered frequency-doubled Nd:YAG-laser
radiation
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Fig. 2. Spectrum of the resolved Swan-band emission (dv= —1
progression) produced by irradiating a 25-Torr sample of room-
temperature acetylene with 266-nm, 22-mJ laser pulses and
recorded using the Spex spectrometer with 50-um slits

studies. This enhanced emission, called the “high-
pressure” Swan band, is most commonly associated
with observations of Swan-band emission using car-
bon monoxide as a photochemical precursor, and is
generally not observed using other simple gases as
precursors [24].

3. Temporal Dependence

Recent measurements of radiative lifetimes for the
upper levels of the Swan-band transitions (d>I1, states)
report values of 92-106 ns, although a series of previ-
ous measurements gave values of 120410 ns [25]. We
did not make any measurements in collision-free
environments, but instead studied the temporal
behavior of the laser-induced C, emission in a variety
of flames and mixtures of room-temperature gases.
Figure 3 displays a typical measurement, recorded in a
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Fig. 3. Time dependence of the Swan-band emission produced by
irradiating a 5-Torr sample of room-temperature ethylene with
292-nm laser pulses and monitoring the 517-nm emission with
the Spex spectrometer (solid curve), and least-squares fit of the
decay portion to an exponential (dashed curve)

5-Torr flow of ethylene irradiated by 292-nm pulses,
and monitoring the Av=0, 517-nm progression using
the Spex spectrometer operated with 400-um slits
(0.8-nm FWHM resolution). The prompt emission,
evident from the rapid rise of the signal observed in all
of our measurements, indicates that d>II , molecules
are direct photolysis products (creation via a chemical
reaction mechanism would occur on a much longer
time scale, resulting in a longer signal rise time). The
dashed line represents a least-squares fit to an ex-
ponential decay of the signal in the range 100-300 ns,
with a resulting decay time of 37 ns. Studying various
gas mixtures and pressures, we observed decay rates as
slow as 90 ns in a 5-Torr mixture of acetylene and
argon, and 75 ns in a 20-Torr acetylene-oxygen-argon
flame, as well as rates as fast as our instrument-limited
detection rate (8 ns).

We measured the laser-excited C, emission rate as
a function of pressure in room-temperature flows of
acetylene and ethylene to obtain information about the
collisional quenching rates of the Swan-band tran-
sitions. As described for Fig. 3, these measurements
were performed by irradiating the flowing gas with
292-nm pulses, and monitoring the Av=0, 517-nm
progression using the Spex spectrometer operated with
400-pm stits (0.8-nm FWHM resolution). The results
are shown in Fig. 4. The dashed line represents the
best-fit line through the triangles representing the data
set for acetylene, with a slope of 3.9 ps ™! Torr 1. The
dotted line represents the best-fit line through the
circles representing the lower-intensity data set
(~5mJ/pulse) for ethylene, with a slope of
4.8 us~ ! Torr 1.

Measurements made in ethylene at higher 292-nm
pulse energies (~25 mJ/pulse) yielded the two points
represented by the squares; the measured rates are
clearly faster than the lower-energy data set (circles).
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Fig. 4. Decay rates of Swan-band emission produced by 292-nm
irradiation and 517-nm Spex spectrometer detection in room-
temperature flows of acetylene (triangles, ~5mJ/pulse} and
ethylene (circles, ~5 mJ/pulse; squares, ~25 mJ/pulse) at total
pressures from 5-25 Torr

This increase in decay rate with increase in pulse
energy may be due to the creation of significant
quantities of photochemically created byproducts (the
electronically excited C, is itself a photochemical
byproduct), which evidently quench the Swan-band
emission at a higher rate than the parent ethylene gas.
It should be pointed out that these results are of limited
utility, even without this apparent intensity depen-
dence, because the rovibronic distribution of electron-
ically excited C, molecules, and hence the effective
quenching rate, is likely to depend on many details of
the photochemical creation mechanism and the colli-
sional environment. Collisional energy transfer from
C, created in other electronic states can affect decay
rates measured at elevated pressures of the precusor
gas or other collision partners [26], and some buffer
gases can enhance Swan-band emission under the
appropriate conditions [27].

4, Intensity Dependences

Intensity dependences can provide important mecha-
nistic information on multiphoton processes; we have
used such information in studying photochemical
formation of atomic hydrogen [28,29] and oxygen
[30] occurring during multiphoton excitation studies
of these atomic species in flames. “Intensity depen-
dence” refers to the power of the laser intensity to
which the observed signal is proportional, ie., the
value of “n” in signalecI”, usually derived from a
log-log plot of signal versus intensity. We describe here
similar measurements for photochemical creation of
electronically excited C,, observed by monitoring the
laser-induced Swan-band emission as a function of
incident pulse energy. We present results which illus-
trate the effects of varying excitation wavelength (266
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Fig. 5. Intensity dependences of Swan-band emission observed
using the 560-nm interference filter in the detection channel by
irradiating 25-Torr, room-temperature flows of acetylene (open
symbols) and ethylene (filled symbols) with laser pulses up to
20 mJ/pulse focused by a 50-cm focal-length lens at 266 nm
(circles) and 292 nm (triangles)

and 292 nm) in room-temperature hydrocarbon flows
(acetylene and ethylene), gas pressure, and locationin a
flame (below and in the reaction zone). For each setting
of the variable attenuator in the incident laser beam,
the computer averaged the incident pulse energy and
the emission signal for 200 consecutive laser pulses.
The measurements described in this section were all
reproducible, although the variations in the measured
slopes of the log-log plots (typically +0.1-0.2) were
somewhat larger than we have observed in studies of
other species.

Figure 5 displays intensity dependences recorded
in 25-Torr flows of room-temperature acetylene and
ethylene, excited by 266 and 292-nm laser pulses. All
measurements were made using a 50-cm focal-length
lens to focus laser pulses with energies up to
20 mJ/pulseinto the gas flow, and filtering the emission
with the 560-nm interference filter. (Measurements
made using the Spex spectrometer to isolate various
vibrational sequences yielded the same results.) The
dashed lines represent linear fits to the four data sets,
yielding slopes of n=1.6 for acetylene and 266-nm
radiation, n=1.8 for ethylene and 266-nm radiation,
n=1.9 for acetylene and 292-nm radiation, and n=2.7
for ethylene and 292-nm radiation. It is tempting to
conclude that these measurements suggest two-photon
creation processes for the first three (acetylene at both
wavelengths and ethylene at 266 nm), and a three-
photon process for ethylene at 292 nm. However, if a
transition of a multi-step process is saturated, the
intensity dependence will indicate only the order of
nonlinearity of the rate-limiting step, rather than the
total number of photons involved in the process.

Previous measurements of intensity dependences
of C, creation from acetylene used 193-nm radiation
from ArF lasers. Two intensity dependences appear for
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Fig. 6. Intensity dependences of Swan-band emission observed
using the 560-nm interference filter in the detection channel by
irradiation room-temperature flows of acetylene with 292-nm
laser pulses at total pressures of 10 Torr (diamonds), 25 Torr
(squares), 50 Torr (triangles), and 100 Torr (circles)

creation of C, in the d°II state, which is responsible for
the Swan-band emission. McDonald et al. reported a
value of n=2.40+0.20 measured in 30 mTorr of
acetylene, interpreting this as indicating that the
electronically excited C, fragments require the absorp-
tion of three photons [16]. Okabe et al. reported no
observable differences using 20-mTorr samples of
acetylene or CF;C,H and detecting the (1,0) or the
(0,0) sequences, with a resulting intensity dependence
of n=1.5310.07; the discrepancy with the previous
value is suggested as being due to the use of power
densities at least twice as high, and thus possible
saturation of an absorption step [31]. For creation of
C, in the a®II,, state, the lower level of the Swan-band
transitions, Donnelly and Pasternack reported that
laser power dependences indicate a two-photon forma-
tion mechanism, but did not give the actual value of
the measured intensity dependence [32]. Wodtke and
Lee ascribe creation of C, in the a*II, state and in the
X'X; ground electronic state as occurring primarily
through sequential single-photon steps, C;H,—C,H
+H followed by C,H-C,+H [33].

Figure 6 shows similar measurements, all made
using 292-nm pulses to irradiate room-temperature
flows of ethylene, but at four different pressures. All
measurements were made with the same range of pulse
energies (up to 20 mJ/pulse), and are plotted to the
same horizontal scale. Because the pulse energy is
monitored after the flame chamber, significant absorp-
tion along the 30-cm path length in the chamber
(~50% at 100 Torr) shifts the curves to the left as the
pressure increases, but does not change their slopes. As
is evident from the dashed lines (linear fits to the full
data sets), the slopes increase with increasing total
pressure, from n=1.8 at 10 Torr to n=1.9 at 25 Torr,
n=2.4at 50 Torr, and n=2.5 at 100 Torr. The 10-Torr
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Fig. 7. Intensity dependences of Swan-band emission observed
using the 560-nm interference filter in the detection channel by
irradiating the 30-Torr, equivalence-ratio 1.0 acetylene-oxygen-
argon flame stabilized on the stainless-steel burner with laser
pulses at 266 nm (circles) and 292 nm (triangles), near the burner
surface (open symbols} and at the peak of the profile 13 mm
above the burner surface (filled symbols)

and 25-Torr data sets are quite linear, but a small
amount of curvature is evident in the 50-Torr data set,
and a great deal of curvature appears in the 100-Torr
data set, with slopes (indicated by the dotted lines)
varying from n=4.9 at the lower puise energies to
n=1.5 at the higher pulse energies. We arc unable to
explain this effect at this time.

Figure 7 displays four intensity dependences
measured in a stoichiometric, 30-Torr acetylene-
oxygen-argon flame, using a 50-cm focal-length lens to
focus laser pulses with energies up to 20 mJ/pulse into
the gas flow, and filtering the emission with the 560-nm
interference filter. The data sets with open symbols
were measured close to the burner surface before the
reaction zone of the flame, and thus in relatively cool
gases (a few hundred degrees above room tempera-
ture). The measurements made using 266-nm pulses
(circles) and 292-nm pulses (triangles) have very similar
slopes (n=1.8 and n=1.6, respectively), consistent with
the room-temperature acetylene measurements shown
in Fig. 5. The data sets with solid symbols were
measured higher above the burner in the reaction zone,
at the height which produced the largest Swan-band
emission signal (profiles of this flame are presented in
the following section of the paper). The measurements
made using 266-nm pulses (circles) and 292-nm pulses
(triangles) again have similar slopes (n=0.8 and n=0.6,
respectively), but are not nearly as steep as the
measurements made near the burner surface, and
significant curvature is evident in the 292-nm data set
(solid triangles). These changes in the intensity de-
pendences are not unreasonable considering the
changes in the local environment in which they were
measured, going from an essentially room-
temperature acetylenc-oxygen-argon mixture to the
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hot reaction zone containing a variety of radicals in
addition to stable species. The only intensity de-
pendences measured in flames that we could find in the
literature were both made using visible excitation
wavelengths: 563-nm excitation created Swan-band
emission via a multiphoton process in non-sooting
regions of a methane/air diffusion flame [19], and
532-nm excitation using a much longer pulse from a
flashlamp-pumped dye laser (3-ps pulse length) created
Swan-band emission with a measured intensity de-
pendence of n=4 in nonpremixed methane flames
[201].

5. Flame Profiles

From the point of view of combustion diagnostics, the
most interesting aspect of laser-induced Swan-band
emission is the information it presents on species
concentrations in flames, and how this emission can
affect profile measurements of other flame species. To
start exploring the former, we measured height profiles
of the Swan-band emission signal for different exci-
tation conditions in a variety of hydrocarbon flames.
These studies provide information on the regions in the
flame in which C, molecules are created in the
electronically excited d°I1, state. For comparison, we
also measured laser-induced fluorescence profiles of
the a*I1, state (which lies 716 cm ™! above the ground
X'Z] state) by exciting the (0,0) band at 517 nm and
detecting the (0,1) fluorescence using the 560-nm
interference filter.

A typical result of these types of studies is shown in
Fig. 8. These profiles were measured in a 25-Torr,
equivalence-ratio 2.0 acetylene-oxygen-argon flame
using the stainless steel burner, and were normalized to
a value of unity at their peaks. The circles show a
517-nm laser-induced fluorescence profile representing
the distribution of the a®I1, state. The triangles and
squares show profiles representing laser-induced cre-
ation of Swan-band emission using 10-mJ 266-nm and
292-nm pulses, respectively. All profiles were measured
using the 560-nm interference filter in the detection
channel. The basic features of these profiles were
observed in several of the hydrocarbon flames. In all
cases, the creation peaks occurred at the same height
above the burner for 266-nm and for 292-nm excita-
tion, with those peaks located 1-2 mm closer to the
burner than the 517-nm fluorescence peak. The
“hump” in the 292-nm creation peak relative to the
266-nm peak in the region 7-13 mm above the burner
was observed consistently in rich acetylene flames, but
was not evident in a rich methane flame. Using the
Spex spectrometer to isolate the emission in various
rovibronic sequences (Fig. 1), we found that the shapes
of the profiles were independent of detection band. We
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Fig. 8. Profiles recorded in the 25-Torr, equivalence-ratio 2.0
acetylene-oxygen-argon flame stabilized on the stainless-steel
burner using the 560-nm interference filter in the detection
channel. Circles: 517-nm-excited LIF profile. Triangles and
squares: Laser-created Swan-band emission produced using
10-mJ laser pulses at 266-nm (triangles) and 292-nm (squares)
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Fig. 9. Profiles of the Swan-band emission recorded in the
30-Torr, equivalence-ratio 1.0 acetylene-oxygen-argon flame
stabilized on the stainless-steel burner using the 560-nm inter-
ference filter in the detection channel by irradiating the flame
with 266-nm laser pulses of 5 mJ (squares), 10 mJ (circles), 20 mJ
(diamonds), and 25 mJ (triangles). The four profiles have been
normalized to match at their peaks

did not observe any laser-induced Swan-band emis-
sion in a lean methane-oxygen flame, and measured
less emission in a rich methane-oxygen flame than in
acetylene flames (not at all surprising considering that,
like C,, acetylene contains a carbon-carbon bond but
methane does not).

Figure 9 illustrates the effect of variations in
266-nm pulse energy on Swan-band creation profiles
measured in the 30-Torr, stoichiometric acetylene-
oxygen-argon flame, again using the stainless-steel
burner. These profiles were measured with pulse
energies of SmlJ (squares), 10mlJ (circles), 20 mJ
(diamonds), and 25 m] (triangles); the profiles are
normalized to a value of unity at their peaks. Varying
the pulse energy did not affect the shape of the main
peak, but did change the magnitude of the peak relative
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to the signal near the burner surface. This behavior is
consistent with the observation (discussed in reference
to Fig. 7) that the intensity dependence of the signal at
the peak is not as strong as the intensity dependence
near the burner. This behavior was also observed in
profiles measured in the rich acetylene flames, but was
not nearly as pronounced because the signal near the
burner was much smaller in relative magnitude to the
signal at the peak of the profile over the range of pulse
energies investigated.

Our initial flame measurements were performed
using the bronze burner. We had used that burner for
operating hydrogen and methane flames for many days
without encountering any difficulties. After just a few
days of operating acetylene flames, however, the
sintered burner material developed regions that were
partially or completely plugged, causing the flame to
become very nonuniform, a difficulty we have been told
is not unique. We encountered no further difficulties
after we switched to the stainless-steel burner. Overall,
the flame profiles were very similar using the two
burners, but we did observe some consistent dif-
ferences. In measurements of nascent C, profiles using
517-nm LIF detection (e.g., the profile represented by
the circles in Fig, 8), the peaks of the profiles measured
in acetylene flames were consistently 1—2 mm closer to
the burner using the bronze burner compared to using
the stainless-steel burner. In measurements of the
electronically excited UV-created C, profiles (e.g.,
triangles and squares in Fig. 8), the peaks of the profiles
in acetylene flames were consistently 1-2 mm further
from the burner using the bronze burner compared to
using the stainless-steel burner. We do not know at
this time the cause of these differences, although two
possibilities are differences in the thermal properties
of the burner materials and differences in catalytic
effects of the two materials.

We conducted studies using 266-nm radiation
because of the ease of generating high-energy fourth-
harmonic output from a Nd : YAG laser. The choice of
the 292-nm wavelength was not arbitrary, but was
based on its use for three-photon-excited fluorescence
measurements of atomic hydrogen in flames [2]. In
fact, this study was motivated to a large extent by
interference by Swan-band emission in our atomic
hydrogen measurements made using this technique
[21]. The effect of this interference on measurements of
atomic hydrogen in the 25-Torr, equivalence-ratio 2.0
acetylenc-oxygen-argon flame using the bronze burner
1s illustrated in Fig. 10. In this figure, the two profiles
are normalized to agree in the post-flame gases (height
greater than 30 mm), in which laser-induced Swan-
band emission is relatively small (Fig. 8). The profile
represented by the circles was measured using two-step
fluorescence detection (two-photon 1S-28 excitation
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FLUORESCENCE SIGNAL (arbitrary units}

HEIGHT ABOVE BURNER (mm}

Fig. 10. Profiles of atomic hydrogen LIF signals recorded in the
25-Torr, equivalence-ratio 2.0 acetylene-oxygen-argon flame
stabilized on the bronze burner using three-photon excitation
with 20-mJ, 292-nm laser pulses focused by a 25-cm focal length
lens and Spex spectrometer detection (squares), and using two-
step excitation (circles). The profiles have been normalized to
match in the region 15-40 mm above the burner

using 243-nm radiation followed by single-photon
28-3P excitation using 656-nm radiation, and sub-
sequent detection of 656-nm 3P-2S fluorescence emis-
sion) [34]. The profile represented by the triangles was
measured using three-photon, 292-nm excitation of the
atomic hydrogen 1S-4P transition, followed by flu-
orescence detection of 486-nm 4P-28 emission. The
transition was excited using a 25-cm focal-length lens
to focus 20-mJ pulses into the flame, and monitoring
the resulting emission using the Spex spectrometer set
at 486 nm.

Our experience in measuring atomic hydrogen
concentration profiles in flames using three flu-
orescence detection techniques (two-photon 205-nm
excitation [35], in addition to the two-step and three-
photon methods) indicates that the two-step measure-
ment best represents the true profile of atomic hydro-
gen in the flame [217]. The three-photon-excitation
profile in Fig. 10 differs from the two-step profile
primarily in two ways, namely the presence of a very
sharp peak at approximately 7 mm above the burner,
and the presence of a relatively large signal very close
to the burner surface (before the reaction zone of the
flame). These differences were observed consistently in
the rich acetylene flames that we studied. The former is
consistent with the height of the laser-excited Swan-
band emission peak in Fig. 8 (recorded in the same
flame), and suggests that the small amount of Swan-
band emission at 486 nm (Fig. 1) is simply passing
through the spectrometer and interfering with the
measurement of the very weak atomic hydrogen
fluorescence. Laser-induced Swan-band emission
could also be responsible for the relatively large signal
near the burner surface, although we did not observe
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such a large signal (relative to the signal at the peak of
the profile) in our direct C, studies in rich acetylene
flames (e.g., the measurements shown in Fig. 8). Mea-
surements made with the laser tuned just off the atomic
hydrogen three-photon transition indicate that a por-
tion of the excess signals observed in the region
0-15 mm above the burner is due to photochemical
creation of atomic hydrogen [28, 297 from the photoly-
sis of the gases in the preheat and reaction zones of the
flame. We have not yet determined the relative contri-
butions of these two effects (laser-induced Swan-band
emission and photochemical formation of atomic
hydrogen), but we have determined that both are
contributing to the differences in the profiles shown in
Fig. 10. Their relative magnitude depends strongly on
the bandwidth of the detection system; a higher-
resolution spectrometer more successfully discrimi-
nates against the relatively broadband Swan-band
emission, without discriminating against the narrow-
band atomic hydrogen emission. Unfortunately,
higher resolution is generally obtained with some loss
in spectrometer transmission, leading to decreased
detection efficiency of the already-weak atomic hydro-
gen signal.

6. Conclusion

We have described the characteristics of C, creation
and Swan-band emission in a variety of environments
relevant to laser-based diagnostics, and combustion
diagnostics in particular. The topics treated include C,
spectroscopy, emission lifetimes and quenching in
room-temperature acetylene and ethylene flows, inten-
sity dependences in room-temperature flows and in
flames, profiles of a-state C, and laser-created Swan-
band emission in flames, and the effect of laser-created
Swan-band emission on three-photon-excited flu-
orescence detection of atomic hydrogen in flames.

The exact mechanisms responsible for the Swan-
band emission are difficult to determine, and evidently
vary with wavelength and target gas (or, in flames, with
position in the flame). The mechanisms are multi-
photon in nature for wavelengths =266 nm in acety-
lene, ethylene, and the preflame regions of acetylene
and ethylene flames, but may be single-photon in the
complex mixture of gases in the reaction zones of some
flames. Regardless of the mechanisms involved, how-
ever, Swan-band emission is a likely result any time
that intense laser pulses of almost any wavelength are
focused into carbon-containing gases. Because this
emission spans much of the visible region of the
spectrum, it can interfere with fluorescence detection of
many atomic and molecular species, and can adversely
affect a wide range of laser-based diagnostic
techniques.
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