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Abstract. Laser-induced fluorescence has been used for detection of CO in different
environments. The fluorescence light was obtained by using a two-photon transition
between the X'X* and the B'X™ electronical states around 230 nm. Cell measurements
indicate a detection limit lower than 0.1 ppm. Measurements in a CH,,/air flame and in a low
pressure dc discharge were realized with a diode-array detector, which was used in an
imaging mode, permitting single-shot CO distributions to be captured.

PACS: 33, 82.40

During the last years, laser techniques have gained
increasing value in the detection of molecules, radicals
and atoms in combustion environments. The most
promising techniques so far are; laser-induced flu-
orescence, Raman scattering and Coherent anti-Stokes
Raman Scattering (CARS). The basics of these techni-
ques are covered in several review articles, e.g. [1-3].

The most promising technique for detection of small
quantities is laser-induced fluorescence, in which the
laser frequency is tuned to an absorption line of a
specific specie. By measuring the subsequent ree-
mission of radiation it is possible to infer the con-
centration of the exciting molecule. From being a
technique limited to species absorbing in spectral
regions attainable with dye lasers, e.g. CH and C,, its
application was extended to molecules absorbing in
the ultraviolet region, down to ~220nm, by using
nonlinear optical mixing techniques. In this way it
became possible to detect other molecules of great
importance in combustion processes, e.g. OH and NO.

However, there was still a great need for detecting
species absorbing in the vuv region, like the atoms O,
N, C, and H. The detection possibility for these species
(O,N) under well-defined conditions was demon-
strated by Bischel et al. [4] in two-photon absorption
measurements. Shortly afterwards the first flame mea-
surement of oxygen atoms using two photon absorp-
tion was reported [ 5], followed by flame detection of H

[6]:

Besides being extended to shorter wavelengths, the
laser-induced fluorescence technique has recently been
developed for space resolved detection of flame rad-
icals (OH) using optical multichannel detection. First
one-dimensional imaging was demonstrated [7], fol-
lowed by two-dimensional visualization [8,9] and
dual species (OH, C,) imaging [10].

In the present work we have used two photons at
230nm to excite the B! X+ - X !1X* electronical tran-
sition in CO for spatially resolved CO measurements
in a CH,/air flame, and in a dc electrical discharge.
Prior to these combustion measurements, cell mea-
surements were performed aiming at determination of
detection limits, and fundamental constants like life-
times and quenching cross-sections.

Some experiments were also performed at different CO
pressures in order to compare the sensitivity of the
fluorescence technique with that of optogalvanic
measurements.

In the cell experiments as well as in the combustion
experiments it was realized, that under certain circum-
stances C, radicals were created by the focused laser
beam. This was also found in our earlier dual-species
experiments [10].

CO has previously been investigated using two-photon
excitation of the A*II-X'X* ftransition in cell
measurements [11, 12] and in flames [137, whereas the
B'X*—X'X" transition recently was investigated in
cell measurements by Loge et al. [ 14], mainly aiming at
determining lifetimes and quenching cross-sections.
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1. Experimental Set-Up

A scheme of the experimental set-up used in the CO
experiments is shown in Fig. 1. A Quanta-Ray
DCR-1A pulsed Nd: YAG laser with a repetition rate
of 10Hz was used. The pulse length was about 6ns
in the normal Q-switched operation, and the infrared
pulse energy was typically 700 mJ. This radiation was
frequency doubled to 532 nm and served as the pump
source for a Quanta-Ray PDL-1 tunable dye laser. The
pulse energy from the dye laser operating with Kiton
red as dye was typically 60 mJ at 587 nm. In order to
achieve the two-photon excitation wavelength at
230 nm, the dye-laser beam was first frequency doubled
to 294 nm, then frequency mixed together with the

absorption

Nd:YAG fundamental at 1.064 um. The frequency
doubling (FD) and frequency mixing (FM) were made
in KD*P crystals. For spectrally separating the laser
beam at 230nm from the infrared, dye and doubled-
dye beams a Pellin-Broca quartz prism was used. The
beam was then focused into the flame with a
f=500mm quartz lens. The long focal length was
chosen because it provides a more uniform beam-waist
through the flame. The pulse energy at 230 nm, which
was measured behind the flame, was typically 2mJ. It
was found that the pulse energy was critically depend-
ent on the number of reflections in quartz prisms and
mirrors. Directly after the Pellin-Broca prism the pulse
energy exceeded 4mlJ.
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In the cell measurements, a cell equipped with quartz
windows mounted at Brewster’s angel was used. The
optogalvanic signals could be registrated simulta-
neously with the fluorescence light by means of two
metallic plates mounted in the cell, 10 mm apart. The
signal was viewed on a Tektronix 475 oscilloscope. The
voltage between the plates was typically 1000V. The
burner used in the flame experiment was made in such
a way so that the premixed CH,/air gases were led
through a 300mm water-cooled tube, to assure a
laminar gas flow. The fluorescence light was detected
at right angels in two different arrangements. In one
approach the fluorescence light was detected with a
diode-array detector, whereas in the other arrange-
ment a photomultiplier tube was used. The detector
array, a Tracor Northern TN-1223-4IG unit with an
image intensifier, and gatable down to 0.3 s, was
connected to a Tracor Northern TN-1710 main frame.
The diode-array detector, consisting of 1024 diodes,
25 um x 2.5 mm cach, was placed in the image plane of
an UFS200 Jobin Yvon spectrograph for capturing
spectra covering the 200-800 nm spectral region. Alter-
natively, it was used for imaging experiments. In these
experiments the laser beam-waist was imaged on to the
detector array with a f =100 mm lens. In front of the
detector a Schott GG 475 coloured glass filter and a
Corion 580 nm cut on filter, were used to isolate the
laser induced fluorescence originating from the CO
molecules. In both the imaging and spectral mode the
light intensities were digitized in the Tracor system and
were stored on floppy discettes in a PDP-11/V0 3 mini
computer system for subsequent data processing.

In the experiments using photomultiplier detection,
the fluorescence light was collected with a lens match-
ing a f/4.4 Bausch & Lomb monochromator with a
dispersion of 0.8 nm/mm. As detector an EMI 9816
JQB photomultiplier tube with a risetime of 2.2 ns was
used. A PARC Model 162 boxcar integrator,
equipped with two Model 165 gated integrators, was
then used to process the signals, which after averaging
yielded the output signal for a chart recorder. The
photomultiplier detection approach was used in the
lifetime measurements and for the detection of small
amounts of CO.

2. Measurements and Results

Aswas indicated in the introduction the measurements
consisted of two different parts. In one part measure-
ments were made in a cell and in the other one
experiments were performed in a flame and in an
electrical discharge.

In all experiments the CO molecules were excited from
their ground state, X 'X* to the B'X " state using two
photons at 230 nm. These transitions belong to the so
called Hopfield-Birge systems of the CO molecule.
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Fig. 2. A schematic energy-level diagram showing the two-
photon absorption and fluorescence wavelengths

After a short time, part of the excited molecules are
radiatively transferred to vibrational levels of the A 1]
state with light emission between 451 and 725 nm. By
detecting this laser induced fluorescence, belonging to
the so called Angstrém system, the presence of CO
could be acertained. A schematic energy-level diagram
of the two-photon absorption and consequent flu-
orescence wavelengths is shown in Fig. 2.

2.1. Cell-Measurements

Although the original aim for the experiments de-
scribed in this paper was to use the two-photon
absorption technique for spatially resolved measure-
ments in flames and discharges, the first experiments
were performed with CO in a cell. The fluorescence
spectrum of the B'X* — A I transitions following the
absorption of two photons at 230nm is shown in
Fig. 3. This spectrum was recorded using the diode-
array detector at the exit plane of the Jobin Yvon
spectrograph. As can be seen, it was possible to observe
the fluorescence light originating from B'X* (v'=0) to
A (v” =0, 1...6). The spectrum shown was obtained
with 10 Torr of CO in the cell. By tuning the dye laser
wavelength off CO resonance it was checked that the
fluorescence light really orginated from CO molecules.
In addition to the B'2* — A'IT band, transitions due
to the b3X* —a3I1 band could be seen between 300
and 350 nm. These transitions arise because the 3%+
and the B'X™* states are energetically close-lying,
T,=83814 and 86945cm ™", respectively [15]. Thus,
the 52" state is populated through collisions.

As was shown by Moore and Robinson [16] in lifetime
measurements of the B'X* (v'=0) state using the
phase-shift method, the effective lifetime depends on
the CO pressure. This is due to the large Franck-
Condon factor of the B'Z* (v=0)-»X1Z* (v"=0)
transition, which leads to resonance trapping of the
corresponding radiation. The Franck-Condon factor
for the (0,0) transition has been calculated to be 0.988
[16, 17]. It has also been shown that in the limit of low
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Fig. 3. Laser-induced fluorescence spectrum of CO

CO pressure (~5mTorr) the inherent lifetime of the
BZ™ state is 22ms, whereas in the case of total
trapping the lifetime is increased by a factor of ~2.7
[171.

We have measured the effective lifetime of the B'X*
state in the high-pressure regime by detecting the
fluorescence in the (0, 1) band at 483.5 nm. The decay
rates were measured between 1 and S Torr using the
PARC Boxcar integrator with a scanning time window
of 5ns. A Stern-Volmer plot yielded a straight line
where the intercept gave the lifetime, whereas the
self-quenching rate was inferred from the slope. The
results from our preliminary experiments were for the
lifetime; 60 ns and for the CO self-quenching rate; 7.8
x 108/Torrs, which is in fairly good agreement with
recently reported measurements of 68ns and 5.9
x 10%/Torrs [14].

During the cell measurements it was observed that the
fluorescence light was extremely strong. Above 10 Torr
of CO in the cell, the fluorescence light clearly ap-
peared as a blue-green streak, and at even higher CO
pressures part of the scattered light appeared as super-
fluorescence collinearly with the incident 230 nm laser
beam. Very recently two-photon pumping of CO has
been used for obtaining laser action at 484 and 520 nm
[18]. In order to test the two-photon absorbtion
technique for detection of small CO contents In
combustion gases, 1Torr of CO was diluted in
500 Torr of air, which was pumped down to 1 Torr
with subsequent dilution in air. Proceeding in this way
it was found possible to detect sub ppm levels of CO. A
spectrum of ~0.2ppm CO is shown in Fig. 4. In this
experiment one cut-off and one cut-on filter was used
to surpress scattered laser light below 430 and above
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Fig. 4. Laser-induced fluorescence spectrum from ~0.2 ppm CO

540 nm. The time constant on the Boxcar integrator
was 8s. As can be seen the (0,0), (0, 1), and (0, 2) bands
are superimposed on a red degraded background,
which is due to laser induced fluorescence in cell
windows and walls. This experimental set-up which
was not pushed to its limit what regards low CO
detectivity, could easily be optimized at least a factor of
ten by increasing the solid angle, by using a multiple
pass arrangement and by lowering the background
fluorescence.

In a previous CO study Sullivan and Crosley [13] used
two photons at 290nm to excite the A'TI-X'2"
band and by detecting at 197 nm in the same electron-
ical band, the detection limit was set to 0.5% mol
fraction.

In order to compare the fluorescence and optogalvanic
detection techniques, corresponding signals were re-
corded for CO pressures varying from 1-20 Torr in N,
with a total pressure of 110Torr. As before, the
fluorescence signal was obtained by comparing the
ratio on/off CO resonance. The optogalvanic signal
was obtained simultaneously as the fluorescence signal
on an oscilloscope. By varying the voltage across the
plates, it was found that with our probe the optimal
voltage was 1000 V. Below 5 Torr of CO the optogal-
vanic approach gave a higher on/off ratio, whereas
above 5Torr the fluorescence technique was clearly
advantageous.

When using more than ~25 Torr of CO in the cell, it
was clearly evident that additional peaks appeared in
the fluorescence spectrum. These peaks, that were
found to originate from C, radicals, (the so-called
Swan bands), were very obvious at larger CO pressure
and were more laser-power dependent than the corre-
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Fig. 5. (a) Laser-induced fluorescence spectrum of CO and the
emission from created C, radicals when gating the detector array
directly on the laser pulse. (b) Emission from created C, radicals
when the gating of the detector array is delayed ~3 ps

sponding CO signals. By varying the 0.3 us gate on the
diode-array detector it was evident that the C, emis-
sion extended for a much longer time period than the
almost prompt (at this pressure) CO emission. This is
shown in Fig. 5 where Fig. 5a shows the spectrum of
the CO and C, bands at a pressure of 300 Torr of CO in
the cell and gating directly on the laser pulse. The
spectrum in Fig. 5b was recorded in the same way, the
only difference is that the gate is now delayed ~3ps.
During these experiments it was realized that tuning
the laser wavelength off CO resonance did not only
cause the CO fluorescence to disappear, also the C,
emission intensity was decreased by about a factor of
twenty.

The C, Swan emission has previously been studied by
multiphoton uv excitation of CO off resonance at
266nm [19].

In the above described cell measurements lenses with
different focal length were also used. When using a
S =50mm lens it was shown that an increase of laser
energy by 40% around 1 mJ only increased the signal
strength by 20%, which is far from the quadratic
dependence on the laser intensity which would be
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Fig. 6. (a) Scattered CO fluorescence distribution, as shown on
the Tracor CRT without any discharge and a pressure of 75 Torr
in the cell. (b) Background distribution when tuning the laser
wavelength off CO resonance. (¢} Scattered light distribution
when the dc discharge is on in the cell. (d) Curve (¢} divided by
curve (a), when corrected for background

expected for a pure two-photon process. Thus, it seems
that in addition to the above described photo-
ionization process, a considerable degree of saturation
is reached.

2.2. Combustion Measurements

As was described in the introduction a great effort is
now put into imaging experiments and flow visualiz-
ation in several laboratories. In this paper we report on
tmaging experiments in a dc discharge and in different
flames.

In order to describe how the spatial distributions of
CO were obtained, the dc discharge experiments may
serve as an example. CO at a pressure of 75 Torr was
kept in a cell made of plexiglass with fused quartz
windows for transmitting the laser beam and for
detecting the fluorescence. The electrodes, made of
stainless steel, were fed with 6kV, 6 mA and were kept
60 mm apart, which produced a stable de discharge. In
Fig. 6a it is shown how the spatial distribution ap-
peared on the Tracor Northern CRT without any
discharge and the laser tuned to the CO resonance. As
can be seen, the distribution is far from straight and
smooth, which is the result of a non-uniform response
across the diode array and the intensity distribution of
the laser beam. Figure 6b shows the distribution when
the laser frequency is tuned off resonance, which
shows, that the signalin Fig. 6ais due to CO molecules.
The fluorescence light when the discharge is on, and
the laser is tuned to the resonance is shown in Fig. 6c.

_ The resulting CO distribution in the discharge when
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corrected for the nonuniform response and the back-
ground is shown in Fig. 6d. As can be seen, the
distribution is symmetric and the discharge channel is
clearly shown. The distributions in Fig. 6a— are in
scale whereas the one in Fig. 6d is multiplied by a
constant factor since division of the distributions in
Fig. 6a and ¢ was performed with a Tracor Northern
Photometric Processor Module TN-1710-29 and re-

quired a multiplication factor to yield high resolution.
The ratio between a) and ¢) as shown in d) range from

1 flame

55% down to 35% in the center of the discharge
channel. In Fig. 6 all distributions correspond to a
covered distance of 12 mm in the discharge cell.
Flame experiments were performed in several different
flames, e.g. CH,/air, C;Hg/air, and CO/air. The excit-
ation spectrum of CO at the top of a CH,/air flame is
shown in Fig. 7. In this spectrum the fluorescence light
was detected in the (0,1) band at 483 nm, while
scanning the wavelength of the dye laser. No automatic
tracking devices were available for the doubling and
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Fig. 9. Seven sequential single shot fluorescence distributions at the top of a turbulent C,Hg/air flame. To the right is shown the light

distribution when tuning the laser wavelength off CO resonance

mixing crystals for fulfilling the phase-matching con-
ditions while changing the wavelength of the dye laser.
Therefore the spectrum was recorded by optimizing
the laser emergy for each wavelength setting. This
‘approach is clearly not adequate for a detailed spec-
trum. However, it is evident that the flame spectrum is
much broader than the one from the cell, which is also
shown for comparison. Shown in Fig, 7is the Q-branch
of the B'X* (v=0)-X'2" (”=0) transition. The
band is degraded towards the blue and the rotational
structure is not resolved, since the difference between
the rotational constants B in the two states is very
small.

In the flame imaging experiments a CH /air premixed
flame produced on the 300 mm burner was used. The
resulting CO distributions at different heights above
the burner head in the stable conical flame arec shown
in Fig. 8. All these distributions are achieved in the
same way as described for the discharge experiments. A
potential problem in these experiments was the pro-
duction of C, radicals, now in the unburnt fuel, i.e. up
to a height of ~ 15 mm. However, this could be avoided
by optical filtering of the fluorescence light. The
distributions shown in Fig. 8 were obtained by averag-
ing over 20 laser pulses. As can be seen in Fig. 9, single
shot registration did not cause any problem. In this
figure, seven sequential CO distributions were regis-
trated using the Tracor Northern Sequential Scan
Module TN-1710-37. The flame used in this experi-
ment was a simple Bunsen burner, fuelled with
propane, producing a highly turbulent conical flame.
The distributions were recorded at a height of 20 mm
above the burner, just at the top of the flame cone. The
distributions were recorded at 10Hz, and for com-

parison, a distribution captured with the laser tuned off
CO resonance, is shown to the right.

3. Conclusion

We have demonstrated in this paper that the two-
photon absorption technique is well suited for detec-
tion of CO both in exhaust gases and in flames. In
combination with diode-array detection, the capturing
of single pulse spatially resolved flame distributions is
quite feasible. A potential problem, here as well as was
pointed out in [10], is the production of C, radicals. In
that study it was possible to control the degree of C,
created by the laser beam, by tuning the laser wavel-
ength off OH resonance, and thereby separating the
OH and C, laser caused emissions. However, in this
work it was shown that the production of C, radicals
was sensitive to the laser wavelength. Therefore, great
care has to be taken in order to avoid this problem.
Previous works [20, 217 have reported the production
of C, radicals in CARS studies and found that the
reason was decomposition of soot particles. We con-
clude from our work that, in addition to this thermal
decomposition, multiphoton uv excitation of CO may
contribute to these C, signals.

The imaging of CO may be of great importance in
ignition experiments, in addition to the well es-
tablished imaging of OH, which are under way to be
applied in this context both in our group as well as in
others [22].
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