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dependent Rabi frequency splitting. Nor is a PIER-4 type of phenomenon a likely cause
because the observed satellite splittings did not depend upon tuning of the CARS resonant
frequency. The most reasonable explanation is that the satellite lines have their origin

from a redistribution in population of rotational energy levels in the upper electronic
state during the laser pulse. Such energy transfer, driven by the saturation of the
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Saturation and Spectral Line Behavior in the Resonant CARS Spectrum of OH

James F. Verdieck and Laurence R. Boedeker

Abstract y 3V L[ I,

This contract has explored -he origins of the unpredicted s ltelines
about the central resonance of the CARS spectrum found in a previous stud)
The objectives of the program were to determine the dependence of the line

structxre on the input laser intensities and on tuning of the resonant
frequency. Data from these experiments would the nsuggest a choice of
mechanism responsible for the satellite structure. In the previous
AFOSR-supported study, electronically resonant coherent anti-Stokes Raman

spectroscopy (CARS) of OH was demonstrated for the first time using a flame
source. Theory and experiment were in generally good agreement, except for
the presence of satellite lines -(xtra resonanceSiW) about the strong central

component.

In order to investigate reliably the power dependence of the resonance
CARS spectrum and thereby test for saturation effects, a single mode, pulsed,
tunable dye laser was utilized to insure selective excitation of a single
resonance. The resultant spectra show clearly that saturation occurs at input
laser pulse energies of the resonant frequency of about 0.1 millijoules.
Under our operating conditions, 5 nsec pulse width, 0.01 cm focal spot, this
corresponds to an intensity of approximately 2 x 108 W/cm2 . >*Saturation
effects are particularly apparent when the CARS pump frequency is on line
center of the selected electronic transition. Tuning away from line center
and/or reducing input pulse energy produces a notable decrease in the strength
of the satellite lines relative to the central peak The central peak, in
turn, increased relative to the adjacent water CARSspectrum and appeared to
have a simplified spectrum.$-The frequency-spitting between the satellite
components was determined to be independent of laser intensity and the tuning
of the resonant CARS pump frequency relative to line center Indeed, the
observed splittings are constant among all spectra recorded,\egardless of
experimental conditions. These observations imply that the observed satellite
splittings do not correspond to a field-dependent Rabi frequency splitting.
Nor is a PIER-4 type of phenomenon a likely cause because the observed
satellite splittings did not depend upon tuning of the CARS resonant
frequency. The most reasonable explanation is that the satellite lines have
their origin from a redistribution in population of rotational energy levels
in the upper electronic state during the laser pulse. Such energy transfer,
driven by the saturation of the electronic transition, is known from saturated
fluorescence studies of diatomic molecules. This last explanation, while
reasonable, remains to be proven by further experiments and computer

calculations.



Introduction

Under a previous AROSR Contract, the electronically resonant CARS
(coherent anti-Stokes Raman spectroscopy) spectrum of the OH radical was
observed for the first time.1  The hydroxyl radical was chosen for study at
this laboratory because of its ubiquitous presence and extreme importance in
combustion chemistry. OH enters into the oxidation mechanisms of nearly all
hydrogen-containing fuels, expecially hydrocarbons. Hydroxyl radical
reactions are usually very rapid (because OH is a radical, activation energies
are small) and often rate-determining in combustion mechanisms. OH is also
important in atmospheric chemistry and in particular, is implicated in acid
rain formation by reaction with nitrogen and sulfur oxides. For these
important reasons, it is important to be able to detect and measure the
concentration of the OH radical in environments difficult to probe with
conventional means.

At the present time, the diagnostic method of choice for species of low
concentration is laser-induced fluorescence (LIF). LIF is a point measurement
technique which enjoys good success in carefully controlled laboratory devices
operating cleanly at low pressure (one atmosphere or less). However, in
practical combustion environments, fluorescence methods can suffer from

interferences, such as fluorescence from other species, and from laser-induced
particle incandescence. The other major disadvantage with fluorescence

techniques is collisional quenching, which may prove to be particularly severe
for application in high pressure devices. For this particular application,
resonant CARS may be the superior technique. The principal reason for the
success of CARS methods in these difficult combustion systems is the fact that
the CARS signal emerges as a coherent beam, all of which can be captured by
the optical detector. This provides a unique advantage over incoherent
techniques, such as fluorescence, particularly when the optical access is
limited and small f-number optics cannot be employed. Because CARS methods
have proven superior for these cases, it is essential to extend the
sensitivity of CARS to radicals such as OH and other minority species.

* Electronically resonant CARS, because of the intrinsic orders of magnitude
enhancement in signal strength, is the technique of choice.

Resonant CARS was achieved for several different electronic transitions
in the A -- > X band of OH in a methane/oxygen flame. Concurrently with the
experimental studies, a good understanding of the theoretical aspects of the
resonant CARS process was secured. Predicted resonant CARS spectra could be
computer synthesized and graphed for any selected resonance excitation, which
agreed well with experimental spectra with regard to the major features.
However, saturation effects were not considered in the theoretical treatment.
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A major departure from theoretical predictions was the experimental
observation of satellite lines about the central line. It was suspected that
the major cause of the discrepancy between theory and experiment was that the
experimental beam energies corresponded to conditions of saturation.
Preliminary tests for saturation were performed and definite evidence was
found, both in the intensity variation in the spectrum, and the number and
shape of the lines observed. In order to realize the full potential of
resonant CARS as a useful diagnostic technique, it was felt mandatory to
address the fundamental physics underlying the appearance of the unpredicted
satellites in the resonant CARS spectrum. The limiting detectivity of
resonant CARS may in fact depend upon whether or not the experiment is carried
out under saturation conditions. Moreover, the quantitative application may
require an explanation of saturation effects, although a working curve of
concentration vs signal strength may be prepared if a suitable means of
calibration can be found.

There are several possible causes for the appearance of satellite lines
("extra resonances") in resonant CARS; these are: saturation, dephasing
effects brought about by pressure and/or other factors, and rotational energy
transfer redistribution of states. Each of these is discussed briefly in
turn.

S Saturation of the ordinary CARS effect occurs when the optical field
strengths of the incident laser beams cause significant population of the
upper Raman state. For the case of resonance CARS, a further complication
arises, namely, the upper (resonant) electronic state can be significantly
populated by the wllaser beam. This latter phenomenon, which is also
observed and exploited in saturated laser-induced fluorescence diagnostic
methods, occurs readily because of the strongly allowed transition to this
state. The significant population in the upper states implies that the
mathematical treatment of the CARS interaction can no longer be treated by
perturbation theory, at least to low order. For this reason, most previous
theoretical treatments of resonant CARS do not include saturation. However,

4 there have appeared non-perturbative approaches to the strong-field case. One
* of the most interesting results of these treatments of saturation comes from

the work of Wilson-Gordon, Klimovsky-Baird, and Friedmann.2 These authors
predict that, for the case of both the wand w2fields strong, the
resonant CARS spectrum will be split, by Stark splitting, into five
components. The magnitude of the splitting is proportional to the so-called
Rabi frequency, whose value is given by the product of the transition dipole
moment and the electric field strength. Dick and Hochstrasser3 also predict
Stark splitting of the resonant CARS spectrum. Their prediction of a doublet
splitting is in agreement with Wilson-Gordon, et al., for the case of only one
strong field. The salient feature of both treatments is that the splitting of
the extra components in the resonant spectrum is dependent upon the laser
intensity.
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Another explanation for the appearance of the satellite structure is the

so called PIER-4 (pressure induced extra resonances in 4-wave mixing) effect

observed in sodium vapor by Prior, Bodgan, Dagenais, and Bloembergen.4

Similar effects have been observed by Hochstrasser and coworkers, and have

been termed DICE (dephasing-induced coherent emission) effects.5 These

effects derive from a term in the differences between linewidths for the

transitions involved in the wave-mixing process of interest. This dephasing

or damping term can result in extra resonances under certain conditions. In

the case of Prior et al., the PIER-4 resonance is observed when the wI

frequency is tuned 5 cm- 1 off of resonance. It is distinguished from the

resonant CARS signal by it pressure dependence, and apparently, to the tuning

of w, off resonance.

Yet a third possibility is rotational energy level population

redistribution in the upper electronic state, A, occurring during the period
of the laser pulse. This process can and does occur as evidenced by the

appearance of fluorescent lines adjacent to the resonant fluorescent line in

the LIF spectra of diatomic molecules. 6 In the upper electronic state,

energy transfer from the resonant rovibronic level to adjacent levels

(initially of very small population) is driven by the highly excess population
in the resonant level. This leakage from the resonant level to nearby levels,

is the major reason why saturation is so difficult to achieve with molecules
as compared with atomic systems. The situation just described must be melded

in with the CARS process which would lead to the appearance of extra

resonances. Preliminary calculations indicate that the additional lines which

might arise from rotational fopulation redistribution would be split from the

central line by about 30 cm- ; however, these calculations were limited to
Q-branch transitions only. A much more thorough calculation, involving all

levels and all possible transitions, including partially forbidden ones should

be performed.

It was also noted in the previous study that the entire resonant CARS
spectrum is a very sensitive function of the tuning of the CARS pump
frequency, W1" Rather minute changes in the position of the pump frequency

rendered profound changes in the number, position, shape and relative

intensities of the lines of the resonant CARS spectrum. This was not an

original observation. Numerous workers in the field of resonant CARS,

particularly those working with large molecules in solution phase have noticed

similar effects.7 Indeed, changes from dispersion to absorption line shapes,

and reversal of sign (i.e., negative-going lineshapes relative to the

non-resonant background) have been observed from nitrosoaniline in solution as

the pump frequency is tuned through the absorption band. 8 It should be noted

that, for these cases, the electronic absorption bands can be fifty to a

hundred nanometers wide. There appears to have been few, if any, similar
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studies of detailed tuning through a narrow line resonance, such as those
found for diatomic molecules. The one notable exception is the work of Attal,
et al., on resonant CARS of the C2 molecule.

9 These authors noted that
tuning shifts in wl as small as 0.06 cm- 1 caused dramatic changes in the
appearance of the resonant CARS spectrum.

In order to properly assess the effects of tuning through the line center
of the resonance excitation, and separate out these effects from those due to
saturation, it was mandatory to employ a laser source with a linewidth less
than that of the transition under studT. A single-mode dye laser,
patterned after the design of Littman, 0 was utilized to fulfill this
requirement. The construction, operation and performance of this
laser system are described in detail in the experimental section.

Experimental

The experimental approach employed in this study of OH electronic
resonant CARS is similar to that used previously, 1 and will not be
extensively discussed. The most important new features are the incorporation
of a single mode dye laser (SMDL) and a Fizeau wavemeter (Lasertechnics) into

the resonant CARS apparatus, shown schematically in Fig. 1. The CARS pump
beam, L,, which excites a selected OH electronic resonance, is obtained by
frequency doubling the output from the narrowband, single mode, tunable,
pulsed dye laser (SMDL). En the prior study wl originated from a highly
multimode, larger bandwidth dye laser. The lack of precise mode definition and
bandwidth relative to the OH line profile prevented precise tuning, thereby
precluding an understanding of the OH resonant CARS spectral structure
observed. The addition of the wavemeter to the resonant CARS system provided
rapid and accurate tuning of the CARS pump frequency to the desired resonant
transition.

In Fig. 1, SMDL is a narrowband, pulsed dye laser that has been assembled
at UTRC, based on the dye oscillator design of Littman.I0 In Littman's
approach to the design of a SMDL, an extended length of the grating is
illuminated by employing a very small, grazing incidence angle between the
laser optical axis and the grating surface, typically 1 degree. In addition
the cavity is made very short, about 5 cm, which allows for many photon round
trips when a 5-10 ns pump pulse is employed, and also introduces a large axial
mode separation, about 2-3 GHz. Littman has measured a bandwidth of about 150
MHz 'or the single mode output beam. Additionally, the SMDL oscillator is
end-pumped, rather than side-pumped; this provides a much better defined mode
volume and results in a uniform, circular beam spot. Figure 2 shows in block
form the several diagnostic instruments used to measure the important
parameters of the SMDL which are necessary to perform the resonant CARS
experiments.
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A photograph of our Littman single-mode oscillator is shown in Fig. 3,
pumped with about 4 mJ of the 532.0 nm Nd:YAG beam. The horizontal U-shaped
dye cell, with the focussed spot of the pump beam readily apparent, lies
between the circular back mirror and the grating (rectangular square object).
The 2.5 cm tuning mirror, on the left, sets the scale for the photograph. The

oscillator output beam, with unknown output energy, is amplified to a pulsed
energy level of about 10 mJ using a 3-stage amplifier chain.
Frequency-doubled 280 nm pulses with energies of about 1 mJ have been
obtained. The longitudinal mode structure of the amplified output beam at 560
nm is examined by projecting the Fabry-Perot pattern generated with a solid
etalon (0.7 cm- 1 free spectral range) on a white sheet of paper. Two
typical patterns are shown in Fig. 4. Figure 4a shows a pattern in which a
single longitudinal mode is clearly evident. By contrast, Fig. 4b indicates
the presence of some additional very weak modes. The photos were taken with a

one second exposure, and hence represent a 10 laser shot average. Fine
adjustment of the mode structure, at a given frequency setting of the tuning
mirror, was accomplished using a technique recommended by Littman, 1I in

* which precise rotation of the dye cell is used to accomplish small changes in

the optical path.

Two additional factors are critically important in obtaining stable
single-mode operation: temporal smoothness of the 532.0 nm pump pulse into the

oscillator,I I and steadiness of the dye flow through the small oscillator

dye cell. The multimode output of the Quanta-Ray Nd:YAG laser at 532.0 nm is

smoothed temporally, using a demodulator 12 prior to pumping both dye lasers.

SDemodulation effects a marked improvement on shot-to-shot stability of the
Littman oscillator, and improves the temporal smoothness and repeatability in
all amplifier stages. Satisfactory dye flow stability in the oscillator is
achieved by using gravity feed from a reservoir 1 meter above the optical
table. The precise linewidth of the UTRC SMDL output beam at 560 nm will be
the subject of continuing studies using a Burleigh scanning Fabry-Perot
interferometer; however, it is estimated from the Fabry-Perot patterns that
the linewidth is less than 0.1 cm-1 .

A key diagnostic in the present experiment is the precise measurement of

both pulsed dye laser frequencies. This is achieved by determining the
fundamental frequencies (in the visible) with a Lasertechnics Fizeau
wavemeter, accurate to 1 part in 106. In this instrument, a large number of
fringes are generated by a precision, vacuum gap, small-angle wedge
interferometer (Fizeau). The fringes are imaged onto a diode array and

Ail .counted by means of an on-line microcomputer (IBM PC/XT). The computer
calculates the frequency or wavelength from this count and stored constants
determined from a previous calibration. The frequency/wavelength calculation

and display on the computer terminal are updated at a sample rate of the

6
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operator's choice; between 10 and 17 laser shots was selected here. The
addition of the wavemeter capability to the resonant CARS facility has made it
possible to locate quickly and precisely the selected OH transition for the
present CARS studies QI(4), using fluorescence detection. The present
experiments used the same burner and CH4/02 flame that had been employed
previously.1

The Q1 (4) excitation spectrum, as monitored by R-branch fluorescence

excited by incrementally tuning the SMDL, is displayed in Fig. 5.
Fluorescence was observed in the R-branch instead of the Q1 (4) resonance in

order to avoid Rayleigh scattering interference. The fluorescence peak signal
level was measured by visual estimate of the photomultiplier (PMT) output
pulse on a fast (200 psec), intensified oscilloscope. At any given setting of

i/2 the wavemeter indicated that the stability of SMDL was about ±0.02
cm-1 over a 5-10 minute Teriod, which is approximately the accuracy
limitation of the wavemeter. These data locate the line center at about twice
17,699.4 cm-1 . This value is about 0.8 cm- 1 greater than calculated from

the energy levels recently given by Coxon, 1 3 and almost 2 cm- 1 more than
that given in the classic study of Dieke and Crosswhite.14 This discrepancy
may arise because the wavemeter was not recalibrated near the frequency of the
OH resonance. More precise experiments will be required to characterize the
linewidth, if saturation effects are to be accounted for. The value derived
from Fig. 5 is approximately 0.3 cm-1 , which agrees favorably with OH
linewidths in flames determined from absorption1 5 and from LIF1 6 which
are about 0.4 cm- 1. The excitation scan also indicates the presence of a

nearby, weak transition at w i1/2 = 17,701.2 cm-1 , probably R2(1). While

1 was located at linecenter of QI(4) the fluorescence spectrometer was
scanned, and the appropriate P, Q and R branch signals were confirmed, as in
the prior studies I .

The Q1(4) transition was chosen for the study of saturation and
spectral line behavior because in the previous study this particular
transition produced strong resonant CARS spectra relative to the adjacent
water CARS spectrum. For the purpose of this study, the generation of

electronically resonant CARS spectra of OH was limited to this key transition.
Several values of w 1 relative to the center of the Q1(4) transition, and
different levels of pump and Stokes beam intensities were employed to help
unravel the origin of the extra resonances observed in the first study.

The temporal character of w i and w z prior to doubling were
investigated with aid of a fast photo-diode and an intensified
oscilloscope, having an overall response time of about 0.2 ns. The
oscilloscope photographs shown in Fig. 6a indicate that the w i/2 yellow

beam from the SMDL was about 4-5 ns FWHM. The red beam, w 2/2 from the
Quanta-Ray dye laser (PDL-1) was 6-7 ns FWHM, shown in Fig. 6b. The doubled

7



beams at w, i2 are expected to be temporally narrower. These temporal
studies are required to adjust optical path lengths to achieve simultaneous
arrival of peak w 1 and w 2 intensities in the CARS focal generation zone
in the flame. The pump and Stokes beams are focussed by a common lens, and
aligned to pass through a small aperture at the focus to achieve maximum beam
overlap for CARS generation. These low-power (less than 1 mJ each) uv beams
are capable of burning holes in white cards through which about 60 % of the

beam energy is subsequently transmitted. The hole produced by the focussed

W~ 1 beam is typically 100 microns in diameter, while w 2 produces an oval
hole about 100 X 150 microns in size. It is possible to adjust the SMDL to

,Q. achieve single-mode etalon patterns for a range of pulse widths from about 2
to 6 ns, indicating that more than one cavity length may be operative,

depending upon focussing position in the cell and/or pattern on the grating.
The shape of the pulse varies from very smooth (perhaps near Gaussian) at 2 ns
to fast-rise, flat-topped at 6 ns. The longer, flat-topped pulse may be an
indication of qua.si-cw operation that is expected from the very short cavity
length Littman oscillator. The pulse energies at frequency w, appear to
scale with this pulse length.

The alignment of the CARS detection system is optimized by the
observation of CARS generated from water vapor over a beaker of boiling water.
Subsequently, optimization of the pump and Stokes beams alignment, and the
second harmonic conversion, are achieved while observing either the water or
OH CARS signal on the boxcar averager. Electronically resonant CARS spectra
of OH (and water, for reference) in the methane/oxygen flame are recorded

directly from the boxcar output with an XY recorder, or transmitted to a PDP
computer. The computer provides on-line, real-time display and storage of
acquired data on an 8" floppy disk. Data from these runs are transferred to a
VAX 11/750 for smoothing, peak analysis, line identification, and plotting.

The resonant CARS spectra are recorded by holding w, fixed (after hand

tuning to a desired value), and scanning the Stokes frequency W2 1 while

observing the intensity change in the CARS frequency, w3. The
photomultiplier voltage was adjusted to make the CARS signal approximately
full-scale on the output of the boxcar. Frequency markers are recorded on the
spectral scans by means of the expediency of unblocking and blocking the input

CARS laser beams.

Results and Discussion

The essential results from the present study on saturation and tuning

effects in the resonant CARS of OH are contained in the several spectra

obtained. The first group of experiments performed examined the changes in
r*. the resonant CARS spectrum as the CARS pump frequency was varied across the

8



Ql(4) transition. The second group dealt specifically with the issue of
saturation and involved reduction of power in either or both of the CARS input
laser beams. All spectra were obtained from a methane-oxygen diffusion flame
generated by a surface microburner which was operated under nearly identical
conditions for all experiments. Similarly the mechanics of recording the
resonant CARS spectra were standardized with respect to speed of scanning the
Stokes frequency and to placing frequency markers on the spectra.
Intensities are only approximately comparable among the various spectra shown
due to small changes in alignment of the CARS beams with tuning, and the
manual adjustment of both second harmonic crystals which was required by tem-
perature changes and tuning.

Figure 7 presents the electronically resonant CARS spectrum of OH for the
Q1(4) transition for the 1-0 band of the A --> X system. W 1 is at line
center. The OH spectrum extends from approximately 31820 to 31890 cm'1 on
the Stokes frequency scale, used here for convenience. The (normal) CARS
spectrum of H20 begins at the pronounced dip at 31740 cm&' and extends
into the OH spectrum. The strength of the water CARS spectrum provides a
benchmark against which the resonant CARS signal may be gauged. For the case
shown in Fig. 7, the H20 and OH signal strengths are comparable. It is noted
that some of the lines of the OH spectrum exhibit partial dispersion
(derivative) shape. The baseline decline with increasing frequency is a
result of the fall in the dye (Exciton DCM) emission curve for the w 2 dye
laser.

In Fig. 8, the same spectral region is displayed with w,1 tuned
approximately 1 cm1 away from line center, toward the higher frequency.
The change in the resonant CARS spectrum from that given is Fig. 7 is quite
dramatic, with regard to both the strength of the resonant CARS signal
(relative to the H20 CARS) and to the intensity distribution among the
lines. The strongest line is only slightly out of range and is estimated to
peak (from an XY recorder scan taken previous to this run) at about 16000 to
17000 counts. Note also that this component is wider than the others and
appears to have a dispersive component, on the low frequency side. The ratio
of the OH CARS signal to that of water CARS is approximately 3 or more.
Figure 9 shows a similar spectrum where w 1 has been tuned further off of
line center, more than 2.5 cm&1, and the PMT voltage reduced. For this case
the OH resonant CARS spectrum is simpler (fewer lines and a symmetric
disposition about the central component) and has an even larger signal

relative to the water CARS signal (perhaps 5:1). In Fig. 10 is shown a
spectrum taken for wtuned about 2.5 cm'1 to the opposite, low
frequency, side of line center of Q1 (4). Note that the PMT voltage is

reduced to 1150 volts. The OH/water signal ratio for this case is
approximately the same as is Fig. 9; the absolute value for the resonant CARS
signal is the largest for any of the spectra presented, if the PMT voltage

9



changes were taken into consideration. Of particular interest is the strong
central line of the spectrum which has a dispersive component (on the high
frequency side) that has driven the trace to the lowest limit possible, namely
the residual signal pickup from the w,1 beam which reaches the PMT. It is
also noted that a purely dispersive component, at about 31830 cm-1 on the
Stokes scale, is evident.

In summary of this group of spectra, it is seen that the signal strength
and the number, shape, and intensity distribution of components in the OH
resonant CARS spectrum are an extremely sensitive function of the tuning
through the resonance transition. From the standpoint of combustion
diagnostics, the most interesting aspect of these results is that the resonant
CARS signals become stronger as wlis tuned away from the line center.
This in itself is an indication that saturation is present at the pulse
energies employed for these spectra. The next set of spectra, in which the
laser pulse energies are reduced, demonstrates quite convincingly that
saturation occurs at pulse energy levels above 0.1 millijoule.

The sequence presented in Figs. 11 to 14 represent spectra taken with
the w2 energy held constant and the w 1 energy attenuated; except for PMT
voltage changes, the other parameters are the same as for the previous
spectra. The spectrum shown in Fig. 11 was recorded on line center with the
pulse energy attenuated to approximately 0.2 mJ (down from 0.6 mJ, normal
operation) The PMT voltage was raised to 1490 to achieve a full scale reading.
This spectrum should be compared with that shown in Fig. 7, also for wlon
line center, at full power of the SMDL. It is noted first that the spectrum
characterized by one strong central component, with smaller satellites.
Secondly, the water CARS spectrum is barely discernible. The signal to noise
(and background) ratio is quite good when it is recognized that much of the
baseline signal comes from pickup from wland w2laser beams. The
magnitude of signal induced by these sources is indicated by the two square
wave components following the resonant spectrum; the first is a measure of the
CARS ( wl) pump energy leaking into the PMT, and the second, the Stokes

( w2) frequency energy. This sequence is repeated for each of the spectra
of the Fig. 11 to 14 series.

The spectra shown in Figs. 12 through 14 were all recorded for w
tuned off line center about 2.5 cmC', but for different pulse energy values.
In the sequence given, the wl pulse energies were measured to be 0.2, 0.1
and a value less than 0.1 mJ. Pulse energies in this range are very difficult
to measure because the laser energy meter has considerable drift and is also
very susceptible to ambient thermal fluctuations (because it is a
calorimeter). Figure 12 may be compared to Fig. 10 because they both refer to
the same CARS pump frequency. The general appearance of the two spectra is
remarkably similar, except for the ratio of the central line intensity to that

10
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of the components. A purely dispersive line is still seen near 31830 cm-1 .
The water CARS bandhead dip is barely perceptible in Fig. 13, and not seen at
all in Fig. 14. As the wl pulse energy is further reduced, the satellite
components continue to diminish relative to the central component; four lines
are just barely observed above the noise in the last figure, Fig. 14, for the
lowest pulse energy in w 1 employed. It is at this level of input laser

* intensity that the experimentally observed resonant CARS spectrum of OH
appears to match the theoretically predicted spectrum of reference 1. There
are at least four satellite lines still present, although difficult to
perceive above the noise. A four point smoothing function was used to reduce
the high-frequency noise; Fig. 15 illustrates the effect of this process on
the data of Fig.A14. Four satellite lines are clearly evident.

It should be pointed out that when the resonant CARS spectrum was
obtained for the lowest pulse energy in w 1 employed, Fig. 14, it was not
possible to observe a fluorescence signal. In all fairness, it must also be
admitted that the fluorescence detection system was not optimized for best
signal collection; however, it does suggest that resonant CARS may be a
competitive technique to LIF for detecting OH or other radical species,
under certain circumstances.

Careful scrutiny of the several different spectra (excited at different
resonant frequencies relative to the line center) suggested that there was

V 9little, if any, change in the line spacing between satellites, as the W
frequency was tuned through the resonant transition. A more revealing
examination was achieved by expansion of the spectral region about the OH

'-A.resonant spectrum. The superposition of three such expansions is shown in
Fig. 16, with the resonant frequency indicated, on the right side, for each
spectrum. The Stokes frequency scale applies to only the bottom spectrum, but
is provided for scale. Marker lines have been drawn through the center of
each spectral line. The alignment is self-evident and quite striking. It is
seen that even the dispersion shape line, located at slightly less than 31830

c- matches in the two upper spectra. The agreement of satellite
component lines was not confined to the three spectra presented in Fig. 16,

* but applied to nearly all of the spectra taken. The rare exceptions were for
those spectra exhibiting distorted or severely broadened lines.

~ The measured splittings for the lines displayed in Fig. 16 are, reading
from the high frequency side of the central peak: 7.9, 8.6 10.0, and 11.8

cm'1; and to the low frequency side: 5.2, 6.6, and 7.1 cm 1. These values
do not form an obvious sequence nor do they correspond to spacings in the
emission spectrum of OH.

*.



Conclusions

From the alignment of the upper two spectra it is concluded that
a displacement of 2 cmC1 in w 1 does not cause a change in line
spacing; from the alignment of the bottom spectrum with the other two it is
concluded that the satellite line spacing does not depend upon the incident
power in the CARS pump beam, at least not for the power levels employed here
The observation that the satellite line spacing does not depend upon the laser
intensity would appear to rule out the type of high-field treatment discussed
by Wilson-Gordan, et al., 2 and Dick and Hochstrasser.3 Clearly, a
field-dependent Rabi frequency splitting was not observed for the power levels
employed in the resonant CARS experiments performed in this study.

The PIER-4 and DICE types of effects would appear to be eliminated also,
on the grounds that these effects are dependent upon tuning of the resonant
frequency wl, and the presence of unpopulated exited states whose energy
separation matches the frequency difference of the two input laser beams.
The OH resonant CARS spectra exhibit satellite splittings which do not
depend upon the tuning w 1' and therefore the PIER-4 process is not
applicable.

The overwhelming constancy of the observed satellite splittings among all
the OH resonant CARS spectra determined in this study lead us to the

* inescapable conclusion that the spacing of the splittings must relate to some
constant(s) of the molecule, most likely involving rotational energy spacings.
Moreover, it is known from LIF experiments that saturation-induced leakage
from the resonant rovibronic level takes place by collision-induced energy
transfer, as stated in the introduction. However, the exact mechanism of

origin of the satellites is not obvious. More precise measurements of the
satellite spacings obtained by means of slower scanning coupled with computer
calculations of energy level differences would help to uncover the mechanism.
These and other suggestions for further work are listed below.

A conclusion not relating to the question of satellite structure stems
from the observation that resonant CARS signals with good signal-to-noise
ratio can be obtained for very low pulse energies, less than 0.1 mJ. It bears
repeating that fluorescence was not observed at this low energy of the w
laser beam. Therefore, it appears that resonant CARS should be given serious

consideration as a combustion diagnostic. As pointed out previously, even
in the saturated regime, it may be possible to construct a working curve of
concentration vs signal strength.

12



Suggestions for Further Work

To gain a full understanding of the origin of the satellites, the

following additional experiments are suggested:

1. Obtain more precise frequency data on the line spacings by scanning
more slowly through the resonant CARS spectrum, while holding the laser power

levels and SMDL frequency constant.

2. Compare the results of 1. with calculations of energy level

differences from best available sources.

3. Determine how the results of 1. and 2. depend upon the choice of

resonant frequency selected.

4. Compare resonant CARS signals with fluorescence signals, under the

best possible conditions for both techniques. This experiment would
determine the detectivity limit for resonant CARS and serve to calibrate the

me thod.

5. Perform a resonant CARS experiment on OH in a high pressure burner in

order to determine if resonant CARS offers a definite advantage over LIF at
high pressures.
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Figure 3

Photograph of pulsed oscillator for UTRC tunable

single mode dye laser (SMDL). Oscillator is based
on single-mode Littman 10 grazing incidence grating
design with tuning mirror mounted on rotation stage.
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FIG. 6

Temporal behavior of pump and Stokes beam pulses for
OH electronic resonance CARS experiment. Photos show

two sequential pulses.

a) CARS pump beam at wl/2

b)CR tks.ema 2/
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