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Introduction

A critical aspect to our evolving understanding of combustion is
derived from the measurement of certain key radical species.
Spatially resolved concentration measurements can provide scientific
insight and can be used in combustion model development and
validation studies. Key radical species can drive the combustion
chemistry or their presence can indicate activation of a particular
chemical pathway. Laser-induced fluorescence (LIF) imaging has
been used extensively for detection of species including OH, NO, and
CH, providing the high sensitivity and spatial resolution necessary for
application in combustion systems.'™ In these cases, strong electronic
transitions are accessible in the ultraviolet (UV) or visible part of the
spectrum. Other fluorescent radicals, including CO and atomic
species such as O and H, cannot be excited via single-photon
absorption in the UV or visible because their ground-state transitions
lie in the vacuum UV, where most practical systems are optically
thick. In these cases, two-photon-resonant absorption of UV photons
can be used to excite the fluorescence.”

The transition probabilities for two-photon resonant absorption
transitions are relatively small compared to single-photon transitions,
and the two-photon-resonant excitation rate scales quadratically with
the laser intensity. In practice, therefore, two-photon excitation
requires very high laser intensity, which can cause interference via
undesirable photolytic processes in the combustion environment,
including laser-induced fluorescence interference from other
molecules in the sample as well as photolytic production of the target
radical. In cases where the interference results from a single-photon
process, it may be advantageous to use picosecond laser excitation
instead of nanosecond laser excitation. To produce the same LIF
signal level, picosecond excitation requires significantly less pulse
energy than is necessary with nanosecond excitation. Reduced laser
pulse energy generates less interference from single-photon
photolysis processes.

In this paper, we review briefly two-photon excitation schemes
used for LIF detection of O, CO, and H. We summarize our previous
work on picosecond LIF detection of atomic oxygen, which
demonstrates advantages of picosecond excitation for imaging of
atomic oxygen in flames, and we discuss potential advantages for
picosecond two-photon imaging of CO and H.
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Figure 1. Two-photon excitation schemes for CO, O, and H.
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Discussion

Two-photon-resonant LIF schemes for atomic oxygen, carbon
monoxide, and atomic hydrogen are shown in Fig. 1. The following
subsections address each scheme individually.

Atomic Oxygen. Atomic oxygen is a critical combustion
intermediate, but its detection in flames has remained elusive. Two
photons at 226 nm excite ground-state atomic oxygen via the
3p 3P«—«2p 3P transition, and fluorescence is detected from the
3p 3P—3s 3S transition at 845 nm. Two-photon LIF detection of
atomic oxygen requires UV pulses of sufficiently high energies that
flame measurements are often plagued by photolytic production of
atomic oxygen.*® Evidence of atomic oxygen production through
rapid dissociation after excitation of the O, Schumann-Runge bands
was observed in lean H,/O, flames.* Hydrocarbon flames, however,
represent a considerably more complex system, and early
experiments observed additional photochemical interferences occur
in hydrocarbon flames, especially for fuel-rich conditions.*’'
Investigators had speculated on potentially important precursor
molecules, suggesting that CO or CH,O may contribute to the
photolytic signal, but no direct evidence had been presented
previously.”'® In a recent experiments we characterized the
photolytic production of atomic oxygen in diffusion'' and premixed
flames.'> Our pump-probe experiments strongly implicate a single-
photon photodissociation of vibrationally excited CO,.

We investigated photolytic production of atomic oxygen using a
weak picosecond probe laser to measure relative oxygen atom
concentrations in a well-characterized laminar CHy/air diffusion
flame."' The measured ps-LIF profile of atomic oxygen agreed very
well with a numerically simulated profile. Subsequently, we showed
that an intense nanosecond photolysis laser generated oxygen atom
concentrations of the same order of magnitude as the naturally
occurring concentrations. Photolytic production of atomic oxygen
depended linearly on the photolysis laser pulse energy, indicative of a
single-photon photolysis process. By scanning the wavelength of the
photolysis laser it was shown that absorption spectrum of the
precursor molecule did not exhibit a discrete-line structure around
226 nm. In particular, photolysis of O, via Schumann-Runge
transitions was shown to be negligible. This finding is, however,
consistent with the UV absorption spectrum of CO,, which is broad
and featureless.”” Using the measured temperature, the calculated
CO, concentration, and the measured CO, absorption cross section,"
we simulated the laser-excited CO, profile and demonstrated
excellent agreement with the measured profile of photolytically
produced oxygen atom. All of these results are consistent with
vibrationally excited CO, being the photolytic precursor molecule
responsible for atomic oxygen production at 226 nm in a CHy/air
diffusion flame.

Subsequent experiments using 1-D line imaging of atomic
oxygen confirmed this finding in premixed CH, flames. A significant
increase in photolytic production of O was observed when the CO,
concentration in the flame was increased, and insignificant photolytic
production of O was observed in a hydrogen-fueled flame containing
no CO,. Results demonstrated ps-LIF signals were more than an
order of magnitude larger than ns-LIF signals when the photolytic
interference was comparable in the two cases.'

Thorough characterization of the photolytic interference enabled
the design of 2-D imaging experiments that ensured photolytic
contributions to the signal were at the level of the measurement noise.
Using excitation with 50-ps laser pulses, we successfully
demonstrated interference-free, 2-D imaging of atomic oxygen in a
laminar flame'? and in a flow-flame interaction experiment.'

Carbon Monoxide. Two-photon-resonant LIF detection of CO
has received considerable attention for applications in combustion
(see, for example, the references listed in Ref. 15). The technique

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2007, 52 (1), xxxx



employs two-photon excitation of the Hopfield-Birge electronic
transition (B 'S*<—<=X '=") at 230 nm and collection of the blue-to-
green emission in the Angstrdm bands (B 'S'—A 'IT). As in the
detection of atomic oxygen with excitation at 226 nm,
photodissociation of vibrationally excited CO, can cause interference
to the measurement of CO using excitation at 230 nm.'® Because the
CO, absorption cross section increases with decreasing wavelength,'?
we exPect increased interference from photolytic Production of CO in
the C 'Z'«<—<X 'S" excitation scheme at 217 nm."”

Photolytic production of CO results in more significant
measurement interference as the ratio of the CO concentration to the
CO, concentration decreases. CO detection in rich flames, where CO
concentration is high, may not suffer significantly from photolytic
interference. The detection of CO in lean flames, however, can be
compromised significantly by photolytic interference because the CO
concentration is very low compared to that of vibrationally hot CO,.
In this case, we expect that picosecond excitation may enable
significantly improved interference-free detection limits.

Atomic Hydrogen. Laser-induced fluorescence detection of
atomic hydrogen is possible using a variety of multi-photon
excitation and detection schemes. Czarnetzki er al.'® compare
different schemes employing multi-photon excitation to the n=3 and
n=4 levels and subsequent detection of the Balmer-line fluorescence.
In the current work, we focus on the simplest scheme, using two-
photon excitation at 205 nm to excite hydrogen atoms n=3 levels."’
Subsequent Balmer-a fluorescence is detected at 656 nm. Although
this scheme may be particularly prone to photolytic interference, it is
the simplest scheme to implement for multi-photon LIF imaging
because it involves a single laser pulse and requires less complicated
corrections for spatial variations in the laser sheet(s) than the other
multi-color schemes.

Detection of atomic hydrogen in flames is plagued by
photolytic interference. One of the reasons that prior investigators
used more complex excitation schemes than that discussed here was
to reduce photolytic interference. The observed interference has been
attributed to photodissociation of H,O 20 and CH; 2! at 205 nm. As we
demonstrated with two-photon ps-LIF detection of atomic oxygen,
picosecond excitation will reduce the interference due to single-
photon photolysis by enabling the use of reduced laser energy
compared to nanaosecond excitation. We are assessing improvement
offered by picosecond H-atom imaging using the same approach we
used in our development of two-photon PS-LIF detection of atomic
oxygen to characterize the interference(s). >

Conclusions

Two-photon laser-induced fluorescence can be used for spatially
resolved detection of O, CO, and H. Two-photon-resonant absorption
requires sufficiently high laser pulse intensity that these techniques
are frequently hindered by the photolytic interferences when applied
in combustion systems. The interference results from photolytic
production of the target molecule or atom and/or from the production
of interfering fluorescence from other molecules in the sample. In
cases where the photolytic interference proceeds via a single-photon
process, such that it scales linearly with the laser pulse energy, it may
be advantageous to use picosecond laser excitation as opposed to the
more conventional nanosecond laser excitation.

Acknowledgement. Funding for this research was provided by
the U.S. Department of Energy, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences, and Biosciences.
Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DE-AC04-
94AL85000.

References

1

[\

[« NNV RN SN}

12

13

14
15

16

17

18

19

21

Kohse-Hoinghaus, K.; Jeffries, J. B., ed., Applied Combustion
Diagnostics, Taylor and Francis: New York, 2002.

Eckbreth, A. C., Laser Diagnostics for Combustion Species and
Temperature, Gordon and Breach: Amsterdam, 1996.
Kohse-Hoinghaus, K., Prog. Energy Combust. Sci., 1994, 20, 203.
Goldsmith, J. E. M., Appl. Opt., 1987, 26, 3566.

Wysong, 1. J.; Jeffries, J. B.; Crosley, D. R., Opt. Lett., 1989, 14, 767.
Meier, U.; Kohse-Hoinghaus, K.; Just, T., Chem. Phys. Lett. 1986, 126,
567.

Miziolek, A. W.; DeWilde, M. A., Opt. Lett., 1984, 9, 390.

van Oostendorp, D. L.; Levinsky, H. B.; van der Meji, C. E.; Jacobs, R.
A. A. M; Borghols, W. T. A., Appl. Opt., 1993, 32, 4636.

Smyth, K. C.; Tjossem, P. H., Appl. Phys. B, 1990, 50, 499.

Smyth, K. C.; Tjossem, P. H., Proc. Combust. Inst., 1990, 23, 1829.
Settersten, T. B.; Dreizler, A.; Patterson, B. D.; Schrader, P. E.; Farrow,
R. L., Appl. Phys. B, 2003, 76, 479.

Frank, J. H.; Chen, X.; Patterson, B. D.; Settersten, T. B., Appl. Opt.,
2004, 43, 2588.

Ochlschlaeger, M. A.; Davidson, D. F.; Jeffries, J. B.; Hanson, R. K.,
Chem. Phys. Lett., 2004, 399, 490.

Frank, J. H.; Settersten, T. B., Proc. Combust. Inst., 2005, 30, 1527.

Di Teodoro, F; Rehm, J. E.; Farrow, R. L.; Paul, P. H., J. Chem. Phys.,
2000, 113,3046.

Nefedov, A. P.; Sinel’shchikov, V. A.; Usachev, A. D.; Zobnin, A. V.,
Appl. Opt., 1998, 37, 7729.

Linow, S.; Dreizler, A.; Janicka, J.; Hassel, E. P., Appl. Phys. B, 2000, 71,
689.

Czarnetzki, U.; Miyazaki. K.; Kajiwara, T.; Muraoka, K.; Maeda, M.;
Débele, H. F., J. Opt. Soc. Am. B,1994, 11, 2155.

Lucht, R. P., Opt. Lett., 1983, 8, 365.

Goldsmith, J. E. M., Opt. Lett., 1986, 11, 416.

Gasnot, L.; Desgroux, P.; Pauwels, J. F.; Sochet, L.R., Appl. Phys. B,
1997, 65, 639.

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2007, 52 (1), xxxx



