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Abstract

Ultrashort-pulse, femtosecond (fs)-duration, two-photon laser-induced fluorescence (fs-TPLIF) measurements of carbon
monoxide (CO) are reported in rich, sooting hydrocarbon flames. CO-TPLIF detection using conventional nanosecond or
picosecond lasers are often plagued by photochemical interferences, specifically under fuel-rich flames conditions. In the
current study, we investigate the commonly used CO two-photon excitation scheme of the B'X* « X!'X* electronic transition,
using approximately 100-fs-duration excitation pulses. Fluorescence emission was observed in the Angstrbm band originat-
ing from directly populated B!Z* upper state, as well as, in the third positive band from collisionally populated b>Z* upper
state. The current work was focused on the ;\ngstrém band emission. Interference from nascent C, emissions originating
from hot soot particles in the flame could be reduced to a negligible level using a narrower detection gate width. In contrast,
avoiding interferences from laser-generated C, Swan-band emissions required specific narrowband spectral filtering in
sooting flame conditions. The observed less than quadratic laser pulse energy dependence of the TPLIF signal suggests the
presence of strong three-photon ionization and stimulated emission processes. In a range of CH,/air and C,H,/air premixed
flames investigated, the measured CO fluorescence signals agree well with the calculated equilibrium CO number densities.

Reduced-interference CO-TPLIF imaging in premixed C,H,/O,/N, jet flames is also reported.

1 Introduction

Carbon monoxide (CO) is a major byproduct of incomplete
oxidation during combustion of hydrocarbon fuels. In gen-
eral, CO levels would increase under low-temperature, fuel-
rich conditions and are regulated because of its toxic and
harmful effects on the environment and human health. More-
over, emission of CO results in reduced combustion effi-
ciency because of the main heat release reaction, CO + OH
— CO, + H during complete oxidation of hydrocarbon fuels
[1]. A detailed understanding of spatially and temporally
resolved CO formation is, therefore, of significant impor-
tance in many practical combustion systems. Among sev-
eral diagnostic approaches for in-situ detection of CO, laser-
induced fluorescence (LIF) is the most promising technique
because of its high sensitivity and ease of extension into
2D imaging [2]. However, the readily accessible lower elec-
tronic transitions of CO fall in the vacuum-ultraviolet (VUV)
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wavelength region where the medium becomes optically
thick under most practical combustion conditions. Therefore,
multi-photon excitation schemes such as two-photon laser-
induced fluorescence (TPLIF) are often used to red shift the
excitation wavelength to the ultraviolet (UV) region.

For TPLIF measurement of CO in combustion envi-
ronments, several excitation/detection schemes have been
investigated: (1) excitation of C'X* « X!Z* transition at
217-nm followed by detection of the C'X* — A!T] Herzberg
band emission in the 360-600 nm region, (2) excitation of
B'>* « X!T* transition at 230.1-nm radiation followed by
detection of the B'Z* — A'] Angstrom band emission in
the 400-600 nm region, and (3) same excitation scheme as
in 2) but detection of the b>Z* — a°[] third positive band
in the 282-380 nm wavelength region following vibrational
redistribution [3, 4]. Most previously published studies of
TPLIF detection of CO have used the 230.1-nm excitation
and analysis of the fluorescence signals from the Angstrém
band [5-10].

Number of important parameters for quantitative CO
measurements have also been the subject of numerous
previous studies, for example, interferences due to pho-
todissociation of CO, [1], collisional quenching [11, 12],
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photoionization [13, 14], stimulated emission [15], fluo-
rescence lifetime [16], excitation cross section [11, 13],
and collisional line broadening [17]. Another major inter-
ference when using the 230.1-nm excitation scheme in
rich hydrocarbon flames is the crosstalk between strong
C, Swan-band emissions in the overlapping spectral range
of approximately 430-700 nm [18]. C, Swan-band emis-
sions can significantly reduce the accuracy of measured
CO concentrations. In addition, significant C, emissions
can also be generated via photodissociation of hydrocar-
bon fuels or soot particles from the excitation laser itself
[19-22]. The natural fluorescence lifetime of the CO B'Z+
state is approximately 22 ns; however, collisional quench-
ing at modest pressures significantly reduces the effective
lifetime down to a few nanoseconds under practical com-
bustion conditions [12]. Previous CO emission lifetime
measurements have been reported using nanosecond (ns)
[23, 24], as well as picosecond (ps) [12] pulsed lasers.

In a more recent study, Brackmann et al. [19] applied ps
pulses to measure CO in premixed laminar flames. They
also directly compared the ps results with ns excitation
scheme. They concluded that ps pulses show stronger
signal strengths, as well as reduction of C, interference,
when a narrower detection gate width is employed. More
recently, TPLIF detection studies of atomic species such
as H, O and N, have also suggested that nearly Fourier-
transform-limited, femtosecond (fs)-duration laser pulses
can exhibit photolytic interference-free fluorescence meas-
urements in flame and plasma systems [25-29]. The low-
average power but high-peak-power fs pulses can enhance
two-photon excitation efficiency and mitigate interferences
from single-photon-absorption photodissociation pro-
cesses. Therefore, the fs-TPLIF scheme has demonstrated
the potential of interference-free 2D imaging measure-
ments of important atomic species [27, 29]. This concept
has also been extended recently for CO TPLIF detection
using fs pulses [30].

In the present study, we apply fs-TPLIF to measure CO
concentrations in rich sooting hydrocarbon flames. As indi-
cated above, understanding CO formation becomes espe-
cially important in rich flames conditions, where significant
levels of soot are also present. Therefore, we investigate pos-
sible interferences in a range of methane (CH,) and ethylene
(C,H,) sooting flames. Such studies are a first step towards
understanding partial oxidation and soot formation chemis-
try in cold pockets and non-well-mixed regions of practice
turbulent flames encountered in gas turbines and IC engines.
The excitation/detection scheme along with the experimental
details are presented in the next section. The subsequent
“Results and discussion” section presents the details of CH,
and C,H, flame measurements along with two-dimensional
(2D) imaging studies in stable premixed laminar flames
at the end. A summary and a discussion along the future
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perspectives of fs-TPLIF imaging of CO are presented in the
“Conclusions” section.

2 Experimental

As shown in Fig. 1, approximately 100-fs duration laser
pulses centered at 230.1 nm excite the CO molecules from
ground state (X'Z¥) to excited state (B'Z*), then the flu-
orescence from the B'E* — A'T] Angstrém band in the
range of 400-600 nm is detected. Furthermore, some CO
molecules at B'X* state relax to b>Z* state as a result of
collisional energy transfer processes in the combustion sys-
tem, thus fluorescence signal can also be detected from the
b32+—>a3H third positive band in the 280-380 nm range.
It can be seen that excitation at 230.1 nm and detection in
the third positive system could eliminate most of C, and
CH interferences in the 400-600 nm region. However, the
third positive system exhibits strong pressure and collisional
quenching dependencies as compared to the Angstrém band
[3], as well as, fluorescence occurs in the UV spectral region
where detection cameras are less sensitive. Therefore, in the
current experiments, we focus on the Angstrém band emis-
sion to detect CO, while accounting for various interfer-
ences in sooting flames. Comparison of previously employed
ns- and ps-duration pulses for TPLIF, as described above,
shows that the fs-duration excitation scheme has advantages
of strong signal generation and less susceptibility to inter-
fering photodissociation processes. Therefore, this work is
focused on investigating the potential of fs-TPLIF scheme in
detecting CO in sooting flames while effectively suppressing
C, photochemical interference.
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Fig. 1 Energy-level diagram of femtosecond two-photon LIF of CO
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Fig.2 Schematic diagram of the experimental apparatus for fs-TPLIF
of CO measurements in sooting flames (L; and L, lenses, BD beam
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The experimental apparatus, shown in Fig. 2, consists of
a regeneratively amplified Ti:sapphire laser system (Spec-
tra Physics, Model: Solstice Ace) generating approximately
80-fs-duration laser pulses at 1-kHz repetition rate which
pumps an optical parametric amplifier (OPA). The output
energy of the pump laser at 800 nm was approximately 6 mJ/
pulse. The signal beam generated from the parametric con-
version process was subsequently frequency-doubled twice,
and mixed with a portion of the fresh 800-nm beam to gen-
erate UV radiation near 230.1 nm with approximate energy
of 40 pJ/pulse. The spectral bandwidth of the UV laser was
approximately 0.8 nm full-width half maximum (FWHM),
measured using a fiber-coupled spectrometer (Ocean Optics,
Model Flame S). This UV laser beam was then guided to
the probe region using several 45° dielectric laser mirrors
and focused onto the probe region using a+200-mm-focal-
length plano-convex lens (LEO, UF-PX-25.4-200-200-230).
A thin, variable ND filter (Thorlabs, NDC-100C-4M) was
placed before the plano-convex lens to adjust the laser pulse
energy in the probe region.

For initial CO spectroscopic studies, a static gas cell
having effective optical path of 20 cm and four orthogonal
fused-silica windows was placed in the probe region where
the burner is located. The gas cell was vacuumed down to
1073 Torr or better, using a vacuum pump prior to filling in
pure CO. The pressure was monitored using a pressure trans-
ducer (Omega, Model: PX409-150AUSBH). Subsequently,
for CO measurements in flames, the gas cell was replaced
by a 25.4-mm X 25.4-mm Hencken calibration burner. The
Hencken burner was operated on methane—air and ethyl-
ene—air flames over a wide range of equivalence ratios from
very lean to rich conditions, and the probe volume was set
approximately 10 mm above the burner surface. The flow
rates of gases were regulated by mass flow controllers (MKS
Instruments, GE50 series).

The fluorescence signal was collected orthogonal to
the beam path using an intensified CCD (ICCD) camera
(Princeton Instruments, Model: PIMax4). Also, a collima-
tor coupled with a fiber optic cable was placed orthogonal
to the beam path to collect the CO-TPLIF signal, which was
transmitted to the entrance slit of a spectrometer (Princeton
Instruments Model: IsoPlane 160) using a fiber optic cable
consisting of a circular-to-linear fiber array. The spectrom-
eter had multiple high- and low-resolution gratings although
a 300 lines/mm grating was used during the present study.
The vertical entrance slit width was set at 150 um and the
ICCD camera was mounted on the exit plane to record the
spectra. The detection gate width and gain of the ICCD
camera were set to 100 ns and 10% for the spectroscopic
studies, and 10 ns and 60% for the imaging measurements,
respectively. The spectrometer/ICCD camera system was
wavelength and intensity calibrated using a set of calibra-
tion lamps (Princeton Instruments Model: IntelliCal®). The
calibration system consists of a dual Hg, and a Ne—Ar lamp
as well as a calibrated LED-based light source for intensity
calibration.

3 Results and discussion

The TPLIF spectra of CO following the 230.1-nm fs excita-
tion scheme were first studied using pure CO filled in the gas
cell at a pressure of 1 bar. The resultant fluorescence emis-
sion spectrum is shown in Fig. 3. The fluorescence emission
bands were detected at approximately 451, 483, 519, 561
and 608 nm in the Angstrém band (B'Z* — AIH). Further-
more, because of the close energy level between the b>Z*
triplet state and the B!zt singlet state [31], the fluorescence
emission could be also seen in the region of 282-380 nm
originating from the third positive band (b>X* — a°])
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Fig.3 Experimentally recorded fs-TPLIF emission spectra of CO
using pure CO in the gas cell at 1-bar pressure
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populated through collisions. Both bands were verified to
originate from CO radicals by tuning the laser wavelength
substantially away from the CO resonance peak.

In combustion environments, a major complication for
quantitative CO measurements in sooting flames is the inter-
ference from CH and C, emissions. Shown in Fig. 4 are the
fluorescence spectra recorded in a C,H,—air sooting flame
with equivalence ratio, @=1.5 for three different intensi-
fier gate widths of 10, 100, and 1000 ns. The excitation
laser energy used was 40 pJ/pulse. The isolated CH emis-
sion band near 430 nm, as well as the C, emission peaks at
approximately 437 and 468, 515 nm partially overlap with
the CO spectral lines. These laser-generated C, emissions
were also confirmed by observing the emission spectrum
at 10-ns detection gate while detuning the excitation laser
away from the resonance peak. Hence, we conclude laser-
generated C, interferences have a pronounced effect on CO
fluorescence signal in fuel-rich flames. The C, production
could be originated from photolysis of CO or soot, or three-
photon dissociation processes in the vinyl radical (C,H;)
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Fig.4 C, interference for CO fluorescence in a C,H,—air sooting
flame with equivalence ratio @ = 1.5. Detection gate width of a 10
ns, b 100 ns, and ¢ 1000 ns. The transmission curve of the narrow-
band spectral filter used for CO imaging is also shown by the dotted
curve
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and acetylene (C,H,) under fuel-rich conditions [20, 32].
Furthermore, the C, signal contribution becomes severe
with increasing detection gate width. More importantly,
with increasing detection gate width, the overlapped regions
between the isolated CO peaks around 451 and 483 nm and
C, spectral lines are widened at the base. This effect can be
seen in Fig. 4c as compared to Fig. 4a, b, indicating that C,
interferences became predominant at wider detection gates.
From the spectral data shown in Fig. 4a—c, it was concluded
that while a shorter, 10-ns detection gate width can effec-
tively eliminate nascent flame C, emissions, laser-generated
C, interferences can still be present under these conditions.

Therefore, we incorporated a narrow-band pass filter
(Thorlabs, FB450-10) to select only CO (0,0) Angstrém
emission band for CO-TPLIF measurements in sooting
flames. The transmission curve of this filter is also shown
by the dotted lines in Fig. 4. The detection gate width was
maintained at 10 ns. Although this spectral filtering method
also blocks portion of the CO fluorescence signal, we con-
clude that is an important measure to ensure the quantita-
tive TPLIF detection of CO in heavily sooting flames. The
C, spectral interferences were also investigated more care-
fully using a 3600 grooves/mm grating present in the same
spectrometer. Although improved C, emission filtering may
be possible by incorporating a custom-designed bandpass
filter, such implementation is not justifiable because of the
substantial additional cost and the possibility of variation in
the spectral bandwidth due to minor angular changes when
mounting the filter.

While a direct comparison of laser-generated C, emis-
sions on the laser pulse width was not performed during
the present study, the work by Brackman et al. [19] shows
approximately a factor of 2 increase in C, emissions with
respect to the CO peaks, when the laser excitation was
changed from 10-ns pulses to 80-ps pulses. Furthermore,
earlier work of H-atom [25, 26] and O-atom [27] TPLIF
detection using fs pulses suggests a significant reduction in
photolytic interferences as compared to ns and ps excitation
schemes [33, 34]. Therefore, we expect a substantial reduc-
tion of laser-generated C, interferences on CO TPLIF detec-
tion when using low-average-power fs-duration pulses in the
present study. A comprehensive investigation of photolytic
effects is beyond the scope of the current work and will be
the subject of a future study.

For the CO two-photon excitation, the resultant fluores-
cence signal is expected to be proportional to the square of
the laser energy below the saturation regime. However, being
a nonlinear loss mechanism of the excited state population,
photoionization and stimulated emission can both result in
sub-quadratic energy dependence of the fluorescence signal.
The observed fs-TPLIF signal of CO in a @=1.5 sooting
C,H, —air flame is plotted as a function of the laser pulse
energy in Fig. 5. Because the spectral band of CO at 451 nm
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it can be seen that the fluorescence signal exhibits a power
dependence P" where the exponent m=1.45 at lower laser
energies, and m=1.14 at higher laser energies. These results
are in general agreement with previously reported values in
the literature [1, 19, 35]. At low CO concentrations, higher
laser energies are required to generate fluorescence signals
with reasonable signal-to-noise ratio. However, at high laser
energies, the ionization and stimulated emission processes
become significant and can further reduce the expected
quadratic power dependence for this two-photon excitation
scheme [35].

After the characterization described in the above experi-
ments, the fs-TPLIF scheme was then used to measure
CO concentrations in a wide range of CH,/air and C,H,/
air sooting flames. These flames were stabilized over the
Hencken calibration burner. For all these measurements, a
10-ns ICCD gate width was used along with the bandpass
filter described above. The near-adiabatic flame conditions
achievable in the Hencken burner allow direct comparison
of the measured CO number density profiles with the cal-
culated equilibrium CO number densities. The laser beam
was passed approximately 10 mm above the burner surface
and the laser pulse energy in the probe region was set at
approximately 22 plJ/pulse. Figure 6 shows the CO-TPLIF
emission spectra at various equivalence ratios in CH,/air
and C,H,/air sooting and non-sooting flames. It can be
seen clearly that C, interferences become prominent with

450 500 550 600
Wavelength (nm)

Fig.6 CO-TPLIF emission spectra recorded at various equivalence
ratios recorded in near-adiabatic premixed a CH,/air, and b C,H,/air
flames stabilized over the Hencken calibration burner

increasing equivalence ratio; even the isolated CO peaks
around 451 and 483 nm are affected to some degree by
neighboring strong C, emission bands despite time gating
the signal using a 10-ns ICCD gate. Spectrally integrating
the fluorescence signal only in the 445-455 nm region is the
best possible solution to minimize C, interferences based on
our current studies. The corresponding fs-TPLIF signal of
CO as a function of flame equivalence ratio in CH,/air and
C,H,/air sooting flames is shown in Fig. 7. As discussed
above, we used a 10-ns detection gate and only collected
the CO fluorescence signal near 451-nm region using the
bandpass filter to minimize the contributions from C, inter-
ferences. The equilibrium CO number densities were calcu-
lated using the STANJAN chemical equilibrium code and
compared with the experimental CO fs-TPLIF profiles. It
can be seen that the measured CO fluorescence signals agree
with the calculated CO concentrations for both CH,/air and
C,H,/air flames over a wide range of equivalence ratios. The
experimentally observed CO concentrations are lower than
the equilibrium calculations at higher equivalence ratios or
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Fig.7 Fs-TPLIF signal of CO as a function of flame equivalence ratio
in a CHy/air and b C,H,/air sooting flames. Solid lines represent the
calculated equilibrium CO number density using STANJAN

fuel-rich conditions. Note that no quenching or photolytic
interference (photodissociation of CO, and CO) corrections
were applied for measured signals in these results. These
observations suggest that the fs-TPLIF excitation scheme
can provide significant advantages in quantitative detection
of CO in sooting flames. A signal correction may be applied
using respective quenching cross sections [7, 11], provided
the flame temperature and major collision partner concentra-
tions are known.

To illustrate the planar TPLIF imaging of CO in premixed
sooting flames, the Hencken calibration burner was replaced
with a premixed Bunsen-type jet flame. A + 100-mm-focal-
length plano-convex lens coupled with a f = — 150 mm
plano-concave cylindrical lens was used to generate a laser
sheet with an effective height of approximately 5 mm. A
50-mm-focal-length f/1.2 camera lens along with a 36-mm
lens extension tube was used to collect the fluorescence
signal and focus it onto the ICCD camera. The bandpass
filter described above was mounted at the back end of the
camera lens inside the lens extension tube. All images were
acquired with a 10-ns detection gate width. The total laser
energy used for the imaging measurements was ~25 uJ/pulse
at the probe region. Sample fs-TPLIF images of CO in stable
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C,H,/O,/N, jet flames at #=1.0, 1.5 and 2.0 are shown in
Fig. 8. These images were generated by stacking a total of
60 images, each image containing on-chip accumulation of
200 laser shots. The burner was scanned vertically in steps
of 0.5 mm between each image frame. As seen from these
images, the CO-LIF signal exhibits a steep gradient in the
transition between the cold reactants zone in the middle
through the conical flame front, and gradually decays when
moved radially outwards into the product zone and decays
to near zero when entrained with the surrounding air. This
behavior can be observed more clearly in Fig. 9, where the
radial CO line profiles generated 10 mm above the nozzle
exit are plotted. The corresponding vertical location is also
indicated by the white lines in the CO images in Fig. 8. As
seen in Fig. 9, the peak CO-TPLIF signals increase with
increasing equivalence ratio.

The potential for the high repetition rate (i.e., 1 kHz),
single-laser-shot CO detection was investigated by replac-
ing the ICCD camera by a high-speed CMOS camera (Pho-
tron, Model: SA-Z) coupled with a high-speed intensifier
(LaVision, Model: HS-IRO). Single-shot line images could
be recorded using a 10-ns intensifier gate while incorporat-
ing the same spectral filter as described above. Statistics
obtained from 1000 consecutive single-shot images recorded
at 1-kHz repetition rate in a @=1.2 premixed C,H,/O,/N, jet
flame shows approximately 10% signal fluctuation, which is
the percentage standard deviation of the mean. We believe
these fluctuations to result from a combination of minor
flame instability, shot-to-shot laser fluctuations and detec-
tion noise. It is important to consider such fluctuations when
investigating spatially and temporally resolved CO measure-
ments in turbulent sooting flames. The primary constraint
for single-laser-shot 2D imaging in the current experimen-
tal setup is the limited laser energy available near 230 nm,
thereby reducing the height of an excitation laser sheet only
to a few millimeters. Also, the spectral filtering scheme
implemented here limits the amount of CO fluorescence
detected. However, such tight spectral filtering is essential
for quantitative CO measurements in sooting flames as evi-
dent from the results of the present study.

4 Conclusions

We have demonstrated reduced-interference detection of
CO in sooting hydrocarbon flames using fs-TPLIF. The
broadband, two-photon excitation near 230.1 nm is fol-
lowed by fluorescence emission collection in the Angstrbm
band. However, the entire Angstr'dm band emission in the
400-600 nm range cannot be utilized in fuel-rich sooting
flames because of the C, Swan-band emissions from the
flame as well as laser-generated photolytic interferences.
Although laser-generated C, emissions can be reduced using
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Fig.8 Fs-TPLIF images of CO recorded at three different equiva-
lence ratios in C,H,/O,/N, jet flames. The top row shows digital pho-
tographs of the three flames, whereas the bottom row shows corre-
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Fig. 9 Fs-TPLIF line profiles of CO at varying equivalence ratios in
C,H,/O,/N, jet sooting flames at 10 mm above the nozzle exit, the
location shown by the horizontal white lines in Fig. 8

low-average-power fs pulses, complete elimination of such
interference becomes rather difficult. The present study sug-
gests carefully selected spectral filtering coupled with signal
time gating in the order of 10 ns is required for reduced-
interference CO detection in sooting hydrocarbon flames.
The observed less than quadratic laser energy dependence

sponding CO TPLIF profiles assembles as described in the text. Each
frame corresponds to an area of 20 mm X 20 mm

of the CO fluorescence signal is indicative of non-negligible
photoionization and stimulated emission processes. Never-
theless, comparison of the measured CO fs-TPLIF signals
with the calculated equilibrium CO number densities show
good agreements for both CH,/air and C,H,/air sooting
flames in a wide range of equivalence ratios. Two-dimen-
sional CO-TPLIF imaging in a range of premixed sooting
flames as well as single-laser-shot line imaging at 1-kHz
repetition rate are demonstrated.
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