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I. .-IRODUCTION

A. Laser Probes and Combustion Chemistry

The application of lasers to the study of combustion processes
offers a wealth of information of diverse kinds. Many of these new
techniques - in particular laser-excited fluorescence, ordinary Raman
scattering, and coherent anti-stokes Raman spectroscopy - are aimed at
the measurement of concentrations of individual molecular species at
partial pressures ranging from several atmospheres down to 10-10 torr. 1

The use of scanning lasers permits one to map out energy level population
distributions within ground electronic states, with an ease and accuracy

previously possible only for excited states. From such information can
be obtained temperatures corresponding to different degrees of freedom.
Measurement of laser absorption line-shapes within flames provides data

on energy transfer rates and translational temperatures. The recent
successful observation of two-photon excitation of Na in a 1-atm pressure
flame2 suggests numerous possibilities for probing those species now
inaccessible by present-day cemmerciallv available lasers with one-photon
excitation.

The use of the full arsenal ot trhse laser techniques so far
demonstrated would prov.ide a nearly complete experimental characteri-
zation of a process undergoing combustion. Of course, the use of lasers
means, almost necessarily, a high degree of spatial resolution:
focusing to 100 p beam diameter is generally easy. Pulsed lasers of
various types yield concomitant temporal resolution down to several
nsec. Conseouently spatial profiles, over time periods up-blurred by A
turbulence, can be obtained for these quantities of interest. It should

be noted t:at, in addition, laser probes are non-perturbative. T:.at is,
they introduce no physical barriers into the gas flow or provide surfaces
which could cause heterogeneous catalysis influencing the chemistry.
Although th; presence of particulate matter can be a serious problem,
extremes of temperature and pressure offer no hostility to the laser
beatE itself.

The field likely to benefit most from this detailed picture is
that of con-bustion chemistry. The information on transient, reactive
speci.s will provide the key to the mechanistic chemical kinetics hereto-
fore usually only inferred fr om the composition of finalprdcs

'A. C. Eckbre-th P. A. Boncziik and J. F. Verd.:ý_eck, 'W-j of Laser
Raran and Fluorescence Technicues for F.iracticaZl ComrimaZon agrostics",
United Technologies Research Center Report R77- :2665-6, Eartford, CT,
Febaar-an 1977.

2
J. E. Allen, Jr., W. R. Anderson, D. R. Croslez and T. D. Fansler,
"DEnergy TY7ansfer and Quenchirn Rates of Laser-Pun -ed etoniealUy
Excited Alkalis in Fla,,cs" Seventeenth SýposizCi (international)
on Combustion, Leeds, EkgZand, August 1978.
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Data on state distributions will directly address the questions of

disequilibrium in combustion systems, widely recognized as existing
but seldom accounted for in mechanistic schemes. In fact, this combi-
nation of experimental probes using laser-based techniques together
with tneoretical chemical kinetic modelling on modern large computers
has been heralded3 as promising - finally - significant advancement
in the enormously complex problem of the chemistry of combustion. An
understanding of the chemistry pertinent to ballistic systems will
undoubtedly require such models tied in detail to copious laser-based
experiments (as well as measurements with other techniques) under con-
trolled laboratory conditions and proven by agreement with the neces-"
sarily more limited data available on real systems.

Nearly all of the currently available laser probe methods rely on
the scattering or emission of light as the mode of detection. Whilethis can be a highly sensitive method under many conditions, there are

other situatiuns in which it is less suitable. For example, high
excited state quenching rates reduce the degree of emitted fluorescence,
and Raman-scattered photons could bo absorbed by some interfering
molecular species. One recent alternative method is the optogalvanic
effect. 4 in which the yield of collisionally produced ions is enhanced
by promotion, using laser excitation, to excited electronic states lying
nearer to the ionization continuum than does the ground state.

B. Opto-acoustic pulses

lie describe- here the observation and characterization of another
means of detecting the occurrence of selective absorption of tuned laser

radiation. This is the production of a pulsed opto-acoustic effect --
pulsed sound waves -- within a flame operating at atmospheric pressure,
following deposition of tne lase: energy into an electronic transition.

The flame is seeded with alkali atoms and a pulsed laser is tuned
to the appropriate absorption line. While some of the electronically
excited atoms fluoresce, the vast majority lose their energy by colli-
sion with other gases present in the flame. This energy ultimately
(though rapidly) is converted into translational kinetic energy of the
flame gases, producing a pulsed pressure wave which expands from the
region illuminated by the laser. Quantitative measurements are made
using a microphone, and show that the technique is very sensitive and
"accurate, and perturbs neither the gas dynamics nor chemical kinetics
of the flame. Because the phenomenon itself depends on the rapid

'D. HartZey, A. L<-z and D. Hardesty, "Physics in Combustion Research"J,
Physics Today, December 1975, 36-4-7.

R. B. Green, R. A. Keller, P. K. Schenck, J. C. Travis and C. G.
Luther, "Opto-Galvanic Detection of Species in Flames", J. Amer.
Chem. Soc. 98 17-8518 (1976).
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collisional conversion of electronic to translational energy (through
the intermediary of molecular vibration), the sigmal is thus not reduced
at high pressure as is the fluorescence. The results have provided
directly useful information as well as projections concerning the
sensitivity of the technique.

The opto-acoustic effect in general, viz., the conversion of optical
to acoustical energy through absorption and collisional quenching, has
long been known as a means of sensitively detecting the absorption of
radiation. What is newly demonstrated here is the nature of its occur-
rence following pulsed excitation, and the existence of the effect under
in s-tu conditions on a I-atm pressure fLame burner (in contrast to the
typical mode of operation asing specially constructed cells at lowpressure).

In addition to exploiting its detection capabilities, we have also
utilized the effect to perform meazurements cf the speed of sound within
the flame on a spatially resolvej basis. These data provide information

r on the translational temperature of the flame gases. This aspect may
prove especially useful for environments t.o hostile to admit thermocouple
probes or processes too rapid to obtain usable thermocouple response.

The actual mode of formation of the pressure wave -- the fluid
dynamics aspect -- is not investigated in any detail in these experi-
ments. Observations have been made of the form of the pressure wave
produced; it appears to be dictated by density gradients in the flame and
surrounding atmosphere. Some modification of the experiment might per-
mit the waveform to be used to extract bulk energy transfer rates, but
we have not pursued that end.

Most of the experiments to be described were carried out pumping
the 3P state of Na. We have been dnable to detect opto-acoustic pulse
formation when pumping the 4P level, aid we conclude that the net effec-
tive conversion of electronic to translational energy, at least over the
salient time scale, is less efficient for this level. In conjunction
with this experiment, we also consider some of -he results on energy
transfer pathways among excited states of \a in the flame, obtained
using multiphoton excitation of fluorescence.-iI

1i. EXPERIMEN-TAL DETAILS

A. Apparatus

The experimental arrangement is depicted in Figure 1. The flame is
a fuel rich mixture (1.5 times stoichiometric' of C2H2 and air, and the
slot burner is a standard type used for atomic absorption analysis. Na is

5IH .a Y. Paor (ed 97adm.H. 7. Pao (ed.), GOtoaccustic Sý?ectroscopy and Detection, AcadeicPress, New York, i977.
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introduced by aspiratlon of Na! sob:tion; :-,any of the experiments were
carried out at a Na concentrati:'n of the order of 1010 atoms cm- 3 ,
as determined from both absorption and absclute fluorescence measurements.
Additionally, a few experir-nts have been run using Li as the seed atom,
or with Na in a Cl 4 I/ar flame. The experiments afe carried out at
heights ranging from 0.F to 3 zm above the surface, that is, in the region
of the secondary reaction :one containing partially combusted gases.

The laser used is a Chrcnatix CMX--, a com.mercially available flash-
lamp pumped tunable dye iaser having a pulse duration of 1 psec. Al-
though the laser is capable of delivering 10 mJ/pulse in the region of
the Na resonance lines, it was here operated typically at < 1 mJ/pulse.
The bandwidth is nominally 3 cm- 1 and can be narrowed to 0.16 cm-4 by
insertion of an etalon. (In a separate experiment, not further described
here, opto-acoustic pulses have also beer observed with a Na-laser-pumped-

*dye laser. The 5 nsec pulse lengths available with this instrument offer
useful versatility with the techniques).

The laser is focused to a few mm beam diameter and directed into
tne flame at a spot 'x, 2 cm above the burner surface. When the laser 1S
tuned to either of the two components of the 32p-32S transition in Na,
the energy released in the quenching of the resonantly excited 3P state
produces a pressure wave which propagates outward from the region illum-
inated by the laser. This sound wave is detected by a condenser micro-
phone located nu 4 cm from the flame. After amplification, 'he microphone
signal is fed to an oscilloscope and to a boxcar (gated) integrator,
both of which are triggered by a Pulse from a photodiode detecting the
laser pulse itself. Figure 2 shows an oscilloscope photograph of a
single pressure wave.

In Figure 3 is exhibited a recorder tracing of the amplitude of the
pressure wave signal vs. laser frequency. The laser is operote' here in
its narroied mode and automazicali. ý:.nnel 'ver the wavelength reg-cn
which includes both doublet comnonents. 'The -K';.es marked 'etalon
reset are artifacts of the scanning sequ....e.. It is clear that the

pressure waves result fro- the reSa-aia electronic excitation and net

from some other mode of laser energy denosition within the flame gases,
such as laser-induced breaK'.in. of the flane -ases.

The laser power was usually monitored by a laser calorimeter behand
the flauc. An alternate method •n~'i.eu spiatting cff a small portion
of the beam before its entry into the flame and directing it to a spec-
trometer outfitted with a photomultiplier. These detectors also served
at times for measuremcnt of absorption and -!uorescence. In addition,
the optogalvanic signal, also in the form of pulses, was occasionally
monitored. All four phenomena - absorntion, fluorescence, optogalvanic
pulses, and optoacoustic pulses - occur simultaneously when the laser
is tuned to a resonance. Figure 4, shows a -measurement of the laser
power incident upon the photodiode as the laser is scanned across the

D-lines at large (6 cm-I) bandwidth. (This run was made at very high

'1

'-a



M.O ME
MO

EE-E

Figure 2. oscilloscope trace of an optic-acoustic pulse. The time scale
is 20 ý.sec/cm, and the trace is triggered as the laser fires. Data such 4

as those shown in Figure 2 are obtained from the difference between
first two extreina, using the dual chann'el boxcar. The l atLer oscilla-
tions with smaller amplitude are quite reproducible from pulse to pulse
for fixed geometry and stable flame conditions.
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Na density). From these runs, we can measure the amount of laser energy
absorbed.

Not shown in Figure I is a spectrometer, with associated optics and

photomultiplier, which was used to measure the fluorescence from the Na o
particularly in those experiments 2 involving ultraviolet and two-photon
excitation.

B. Qualitative Observations

When the laser is tuned to one of the resonance lines, the pulsed
pressure wave is produced. At relatively high sodium density, so that
a hundred microjoules or more of laser energy are absorbed, this wave
is readily audible to an observer located within a few meters of the
burner. In fact, the normal procedure for coarse manual tuning of the
laser is to locate the resonance lines by listening for the sound wave.

As measured by the microphone and displayed on the oscilloscope
the waveform shows a sharp rise as the sound wave reaches the detector,
followed by a series of oscillations typically diminishing in magnitude.
(See Figure 2). The two boxcar gates were set to correspond to the first
minimum and first maximum of the waveform; the difference between these
values was output to the recorder and constitutes the 'microphone signal'
used below to denote the magnitude of the pressure wave.

C. Magnitude of the Pressure Wave

From the information directly available from the experiment, we canonly speculate on the mode of forma-tion of the pressure wave. Collisional
quenching of the excited state transfers the Na electronic energy into
vibrational levels of the flame gases (as demonstrated by an experiment
on electronic-to-vibrational-to-electronic energy transfer between Na
and Li in the same flame 2 ). This energy is then rapidly converted to
translational energy, resulting in translational heating of the region
illuminated by t.'Ie laser b~eam. Because sound travels only about 1 M
during the 1 usec heating time, and the laser bear is typically a little
larger than this, we envision the energy deposition as resulting in a
slightly hotter region where the laser beam has passed through the flame.
A small shock wave may be initially formed; if so, it soon degrades into
a pressure wave, and propagates outward through the flame.

We describe a particular, though t)pical, experiment to measure the
absolute laser energy deposited and the resulting pressure wave amplitude.
The ýa absorbs 0.22 WJ from a single laser pulse, as the beam traverses
a 1 cm path through the flame, with a diameter of 15 mm. Over 99% of
the excited atoms are quenched by collisions under our conditions, so
this is the amount of energy transferred into translation.

The flame gases are assumed diatomic here, with a density appropriate
to 1 atm and the flame temperaturc (fron speed of sound measurements

1.3
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described below) of 2300*K. The irradiated volume of 1.75 cm3 thus has
a heat capacity of 0.34 mJ/degree and is heated 0.64*K. This is a truly
negligible perturbation compared-with the temperature of the flame gases

*themselves. A pressure rise of 0.22 torr within the heated volume is
calculated using the ideal gas law.

At the microphone, the amplitude of the resulting pressure -ave
wili be lower, because of the outward expansion of the wave. In these
experiments, it is the pressure amplitude (not energy density) which is
measured. A fall-off inversely proportional to the distance T between
flame and microphone is thus expected. Fig.re S shows a plot of the
microphone response vs. T- 1 , verifying this dependence.

We can then calculate the amplitude anticipated at the microphone.
For the geometry used here, an amplitude of G.044 torr would result at
the microphone. The measured value, using a calibrated microphone,
is 0.13 torr. In view of concerns about the homogeneity of the laser
beam over its spatial profile, some uncertainties in the measurement
of the path length, and especially the lack cf knowledge concerning the
actual -mode of formation of the pressure wave, we consider this to be
reasonable agreement. confirming our simple physical picture.

D. Form of the Pressure Wave

The waveform of the sound wave is quite complex and we have examined
it extensively, although no quantitative information could be extracted.
As noted above, it is quite reproducible from pulse to pulse for a fixed
geometry of laser/flam-e/microphone. Ilf, however, this geometry is
changed, considerable differences result. Figure 6 shows four oscillos-
cope traces for fcur different geometrical arrangements. The scope is
triggered on the left by the photodiode, and the time scale here is 20
;isec/cm. (The amplitude referred to throughout this paper is measured
by setting the two boxcar gates to sample the first positive and negative
extrema of the waveforms, and taking the difference.) The characteri-tics
of the waveform, especially the smaller-amplitu-e oscillations following
the first large wave, can be readily varied by introducing disturbances,
particularly turbulence, into the flame. This implies that the form is
dictated by reflections and/or interference from density gradients with-
in the flame, though no analysis was attempted. Perhaps in a more care-
fully controlled experiment probing those gradients, useful information
could be obtained from the waveform.

It was originally hoped that the waveform might provide information
on the bulk energy transfer rates within the flame. Now, a sound wave
having a frequency of the order of the inverse of some relaxation time
(e.g., a vibrational energy transfer rate) within the system will undergo
attenuation and phase shifts due to that relaxation process. Vibrational
relaxation times at 1 atm are of the order of the laser pulse duration.
The laser pulse thus is expected to produce a spectrum of sound frequencies,
and it was hoped that a Fourier analysis of the opto-acoustic waveform

ii.

%* ~ ~ .~** -,



12 -

10

8

V A

6

4-

2

0 0.1 0.2 0.3r-1 ( cm-1 )

Figure 5. Dependence of pressure wave amplitude on flame-to-nicrophone
distance r.

17

4.. -. ,• i,.•ll I i iE LKIIm ~ II g''''



-•. I 1I1;., 1 I, I I

--- ! !- ---
[ ---

J j "0
- -' - __.._ __ _ _ 4J h

r -- ±

,-

I .,.. .... 30

C €4

ft -- u•,C

.0.

'o .



might yield information on these relaxation times within the flame.
This approach was not successful, due to the dominance of the density
gradient effects and the bandwidth (140 kHz) of our fastest microphone.

"Air" mixtures of N2/02, Ar/02, and C02/02 were tried in this series
of experiments, but no differences could be discerned. With a faster
microphone it remains possible that this will be a useful application
of this technique.

Even though the vibrational relaxation could not be directly1 _-observed in this manner, it is safe to conclude that the energy is
transferred through the internal levels of the flame gases. N2, which
constitutes some 60% of the total gas flow, has long been known to have
ia very high quench rate for electronically excited alkalis, especiallyS= = • : a.

In a short series of experiments, three different microphones of
varying diameter were used in order to ascertain whether the frequency
response (directly related to the microphone diameter) affected the
relative signal size when other parameters were varied. Figure 7 shows
a plot of microphone signal vs. beam diameter (the significance is related
to the quenching/saturation studies discussed below). It can be seen
that the microphone diameter does not affect relative response for these
experiments.

ili. APPLICATIONS AS A PROBE

A. Concentration Measurements

It has already been demonstrated that the formation of the opto-
acoustic pulses introduces a negligible perturbation into the flame gases,
insofar as either the chemical kinetics or gas dynamics is concerned.
Here we consider the use of the technique as a sensitive probe of selec-
tive absorption of laser radiation, i.e., as an alternative or complement
to laser excited fluorescence.

Our simple picture of E-V-'\T transfer and local translational
heating suggests that the pressure wave amplitude should be proportional
to the laser power and to the concentration of the Na atoms. Figures
8 and 9 show the dependence cf the microphone signal on these two para-
meters. The power dependence is measured at a sufficiently low power
density so as to be in the linear absorption region, that is, we do not
approach optical saturation in Figure 8. In Figure 9, the microphone
signal is plotted against the concentration of the NaI solution aspirated

t into the flame. The nonlinear curve-of-growuth form of the plot reflects
the effect of increasing optical thickness. The results shown here demon-
strate that we may scale our observed signals to lower Na concentrations
and, with due regard to optical saturation, to higher laser power.

l
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From these guidelines, we may project from our observed signal sizes
and background noise a detectability limit for Na. We estimate that with
a time constant of about 1 sec (corresponding to averaging over 30 laser

Z• :pulses), a signal-to-noise ratio of about 2:1 should be obtainable for
I Na densities of the order of 107 atoms per cm3 in our 1 atm flame.
"t Although this is not as low a limit as one can obtain using laser-excitedi]" I fluorescence for this species, opto-acoustic pulses nonetheless do con-

stitute a sensitive detection technique. It should be emphasized that

we have undertaken no effort to shield the microphone from extraneous
sources (pumps, etc.) of background noise; perhaps with two microphones
and differencing techniques the noise could be considerably reduced.

Although at higher total number densities, the quantum yield of
fluorescence is reduced due to the higher frequency of collisions, the
opto-acoustic signal should remain essentially constant. Consequently,
this may be the method of choice for some experiments carried out at
high pressure.

In addition, there may be some systems which exhibit selective
absorption of laser radiation but which do not readily fluoresce. For
example, a triatomic or larger molecule may undergo rapid intersystem
crossing into a state of different multiplicity from the ground state
before fluorescing. Collisions then would remove the energy of excita-
tion before any long-lived phosphorescence would occuz. However, the
collisional transfer would still result in the formation of a pressure
wave upon conversion into translational energy. Another molecular situ-
ation might be a case in which the excited molecular state predissociates:
pressure waves would be produced upon resonant tuning provided that the
absorption lines are still relatively sharp and not all of the absorbed
photon energy goes into breaking the chemical bond.

B. Temperature IMeasurements: Speed of Sound

The pulsed sound wave formation offers the ability to measure the
speed of sound, us, within the flame; us can then be related to the trans-
lational temperature, providing an important means of characterizing the
flame.

To measure the speed of sound in sirru, the laser beam is fired into
the flame at a particular point, as illustrated in Figure 10. The scope
(or boxcar) is triggered at -he time of the laser pulse, so that the
arrival time of the pressure -ave at the microphone can be accurately
measured. The laser beam is then moved within the flame (a 1 cm shift
is indicated in the figure). The difference in arrival times for the
different points, together with the distance between them, furnishes the
speed of sound within the flame. (Although the measurements carried out
were made by physically moving the beam, a better method would be to
split the beam into two or three components and obtain the information
from one laser pulse, thus adding time resolution.)

II
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The measurements were made at three different heights well into
the region of partially burned gases. The results were all the same,
(9.7 ± 0.5) x 104 cm sec-1, within experimental error. The uncertainty
could be reduced by a more careful measurement of distances than was
done for this demonstration experiment.

For a gas of average molecular weight R and average heat capacity
ratio �y, the speed of sound u is related to the translational temperature
by

Us RT/f] 1/2 (1)

From the stoichiometric composition of the initial flame gases, and

reasonable assumptions on the degree of combustion, average values were
calculated for M (molecular weight) and y (heat capacity ratio). Since
most of the flame gas is made up of N2, this is not a critical pair of
numbers. These values are then used to calculate the temperature using
Eq (1). The result is 2280 ± 230'K, which may be compared to the
adiabatic flame temperature for this flame 6 of 25450 K.

The translational temperature is a most important flame character-
istic, from the standpoint of both the gas dynamics and the chemical
kinetics. The opto-acoustic pulse method offers the possibility of 4
measuring the closely related speed of sound on a basis of high spatial

and temporal resolution. No perturbation such as a thermocouple need be
introduced into the flame, and extremely high temperatures (which are
hostile to non-optical probes) appear to pose no fundamental difficulties.
Such speed of sound measurements could well form the unique contribution
of this method as a combustion diagnostic tool.

Of course, by carrying out an excitation scan over a series of
molecular absorption lines or bands. using opto-acoustic pulses or
fluorescence for detection, one can measure population distributions

corresponding to the temperatures of internal degrees of freedom as well.

In addition, the optoacoustic pulse method furnishes the ability
to generate pulsed sound waves locally within the flame, so as to
study- their propagation through the flame gases, the interface with the
ambient environment, and the surrounding air. This may be of utility
in studies of noise pollution caused by combustion.

6A. G. Caydon and H. G. Wolf'hard, Flames: heir Stucture,, Radiation

and Temeratue 3rd Ed., Chapman and Hall, London, 19?0.
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IV. QUENCH RAIh MEASUREMENTS

Descriptive Equations:

f Under conditions of high laser intensity, one may create an appre-
ciable population in the electronically excited state. This will be

the case when the rate, per atom, for absorption of laser light becomes
comparable to the rate at which the atoms exit the upper state. Then,
the number of excited atoms is no longer linear in the laser intensity.

With a focused laser beam, it is easy to obtain energy densities

approaching saturation of the optical transition in Na, even for the
high quenching rates found in atmospheric-pressure flames. Daily 7 has
suggested operation ip this regime to obviate the need for quenching
rates to analv:e laser-excited fluorescence data, and recently Baronavski
and McDonald 8 have nsed fluorescence measurements and a series expansion
of'the fluorescent signal equation to measure the quenching of C2 in a
flame. Using the optoacoustic pulses, we have measured the total
quenching rate for Na in the acetylene-air flame.

We consider a two-level system (see Figure 11) and write a steady-

state equation for the excited state number density N e

ee

e.d -aB • I 2
tO-BN0 - (BI +Q"A)N

The assumption of a steady state is valid since thu time scales involved
for the absorption and quenching processes are significantly shorter than
the laser pulse duration. Here, B and A are the Einstein coefficients

for absorption and spontaneous emission, respectively; tne term BINe
accounts for stimulated enission. I is the laser spectral power density
measured in (ergisec} per cm2 per unit frequency interval. Q is the
total quench rate, per sec, for the upper level.

0Since the total Na number density is a constant N -i.e.Io
+N +N=

e g 0

P-1 W. LDrziiy, "Saturat,-:on Ef~-ecz;z n Leser2- Mu-ced Fluorescence

S'vecttrc'scop., ADD!. Op; a6-6-571 (19?7).
A. P. 3a-ornavsk` aria j. R. M. -D?!co'-rd, 'auentof C.Cnetain

in y x~gen-acetd ene Flm:An Alct fS~atza ton Spectros-
eppj", J. Chem. Phys. 66 30-3301 (197?); A. P. Baronavaki and JT R.
•- Do •, "Apo ication o f Satu-ation Spect-roscopv to the Measiemernt of

C2 , 3r-u Corcentratsionz in 0---acetylene Flaes", .4ppl. Opt. 1 1897-1901

07977).
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Eq. (2) may be solved for the steady-state value of Ne

S~BINo
0V

(N ss. - Q+A+2BI (3)

Now the opto-acoustic pulse signal .M1 is proportional to (Ne)

e sss

where the constant represents the efficiency of conversion of electronic
to translational energy, the microphone and amplifier characteristics
and geometrical considerations. Substituting into Eq. (2), one has for
the inverse of the microphone s-gnal t

c02 QA 1 (4)

Thus a plot of M (in arbitrary units) vs. I (in absolute units)
should yield a straight line with a slope to intercept ratio of

Q+A-x QLIA-
2B 2B/A

The relationship becween B and A is known from thermodynamic consider-
ations:

)5
B =- A (6)2hc

so that the experimental result serves to determine Q/A. But if A has
been separately measured, then an absolute value of Q may be extracted.

It may be parenthetically noted that these simple equations pertain
to a two-level model only. Sodium itself has three levels participatting
in this process, the 2 S1 / 2 , 2 Pl/2, and 2 P3 /2. Taking into account the
transfer between the upper doublet components, which requires a separate t

fluorescence scan of the D-iine emission, one may still obtain an anal-
ysis of the data. This rcfinement for Na is discussed in Ref. 2. For
a yet more ccmplicated system such as a molecule with a series of rota-
tional levels among which energy transfer may occur, the equations

28
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become considerably more complex and require much more independent in-
formation on the energy transfer cross sections. Theoretical consider-
ations of such a system are currently being pursued at the Ballistic
Research Laboratory. 9

We nonetheless proceed with an analysis of the present data in
terms of a two-level model, in order to assess its utility. An
examination of Eq. (4) shows that if the laser intensity is varied over
a range far lower than saturation, the effective intercept will be zero.
This is illustrated for an unfocussed laser beam in Ffgure 12, where the
spectral power density is here given in erg cm- sec Hz- 1. The
experiment was repeated after focuss ng the laser to a beam diameter
one third the size, resulting in power densities an order of magnitude
larger. These results are plotted in Figure 13. The low power levels
of Figure 12 do not permit the distinction of a non-zero intercept,
beyond experimental error bars, although the finite intercept is readily
apparent in Figure 13.

Figure 14, shows a plot of the data for one run, in the form of Eq.
(4). The error bars represent estimates of the readability of the box-
car signals; the line is an unweighted least squares fit to the data.
In this instance we obtain Q/A = 410 ± 40. Using the value A = 6.3 x
107 sec- 1 , this results in a Q = (2.6 - 0.3) x 1010 sec-i.

This is too large, by comparison with calculated values using F
previously determined cross sections for the quenching collisionsT0
Part of the problem is due to the Gaussian nature of the laser beam
spatial profile,il and our choice of intensity/range and Na density.
Reference 2 contains more realistic results combining the opto-acoustic
pulse measurements with fluorescence results. Nonetheless, these results
clearly demonstrate that the opto-acoustic pulse method forms a useful

detection technique.

V. 4P LEVEL PUMPING

SExcitation to the 4P level is providgd by frequency doubling the
laser to the resonancc wavelength of 3303A. Although the oscillator
"strength of this transition is low, we can operate at high enough Na
density to observe -zasureable excitation, as confirmed b) fluorescence

H . Gelb A V- -oa f

•. , A. J. •-ar ,n-nd D. R. Crosley, "Response o a 'olecular
Syster, to Optical -ncetation Un. Saturatin Conditions", o be

P. Hooinwera and C. Th. J. AZkw.d, n "Q"u=hir-g of Fr-ited l-kalis
t Atoms and ReZated Effecta in Facnea. Part II. Measurm.ents and

Discussion", J. Quant. Sýect. Pad. TaTnsf. 6_j 847-874 (1966).

,'j. W. ,ailly, "Saturation of Fluorescence in Flmes Lith a Gaussian

Beam"• Avn.. Ozt. 17 -229 (1978).
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from the 4P level itself, as well as from other levels populated by
collision (see below). Using the amount of energy absorbed, we may
estimate the size of the expected opto-acoustic pulse signal in a manner
similar to that outlined above for the 3P level. The anticipated value
is 18 mTorr at the microphone, but no signal is observed above the back-
ground noise level of 0.2 mTorr.

We find the absence of an opto-acoustic signal from this higher-
lying level quite surprising. One possibility is that there exists a
markedly different rate either for direct quenching of the 4P level
itself, or for the rate of subsequent V to T transfer in the flame gases.
If the energy were to be trapped in internal modes, it might not form
as sharply defined an initially heated region and thus might yield a
sound wave much reduced in amplitude. Another possibility is that the
4P level is removed rapidly by chemical reaction, so that little of the

electronic energy is converted into translational energy. Although this
latter phenomenon has been seen to exist in flames for the 3P level,12
it would have to be much faster than observed there in order to compete
with collisional quenching in our system.

Further information about relative quench and energy transfer rates
is obtained from observations using two-photon excitation. 2 There, the
laser was tuned to the avelength corresponding to half the energy dif-
ference between the 3S state and the 3D, SS or 4D state. Observations
were made of emission from all four high-lying states when the laser
is tuned to excite each one of them, in turn. Ratios of the populations
of these levels were obtained from ratios of the fluorescence intensities
and inserted into steady-state rate equations describing the collisional
energy transfer. By invoking detailed balancing to relate upward and
downward transfer rates between pairs of states, a determination was made
of all ten transfer rates among the four levels as well as the total
quenching rates out of each state, normalized to the value of one of them.

It may be seen from the results of Reference 2 that the 4P level
does indeed possess a collisional loss rate (at least in this flame)
which is considerably smaller than that of the other nearby levels. On

.the other hand, the absolute quench rate still remains high, faster than
one quenching collision per nsec. This value is obtained from our
measurements on the 3P level together with quenching cross sections for
N2 obtained from low pressure experiments on both the 3Pl0 and 4P 1 3 levels.
Consequently, there would appear to be no energy bottleneck attributable
to at least the E to V aspect of the energy transfer.

IC. H. Miler IIi, K. Schofield and M. Steinberg, "Year SaturatiLon
SLaser Induced Chemical Reactions of Ila (32 P1 ) in H 0.7. Fl~rzs

Chem. Phys. Letters 57 364-368 (1978).
S1T. P. Gallaher, W. E. Cookeand S. A. Ede~stein, "Collisional Deacti- J

vation of the 5s and 4p States of ila by 112" Phs. Rev. A17 125-7131
(1978).
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If the quenching of the 4P level returned the Na predominantly to
the ground (3S) state, then about twice as much energy would be trans-
ferred to the vibrational levels of the flame gases as occurs in a 3P
to 3S quenching collision. This would populate a different set of
vibrational levels in the flame gases, and conceivably one could have
a different mode of V to T transfer and slower formation of the pressure
wave. However, the results of Reference 2 argue against this possibility
as well. It is seen from those state-to-state transfer rates that half
of the transfer out of the 4P leaves the Na atom in the 5S, 4D or 3D
level (mostly the 3D). Much of the remainder is likely to terminate
on the 3P, as fluorescence is observed originating from that level as
well. (In fact, the results of Reference 2 show altogether convincing
evidence of step-wise relaxation in the flame, as opposed to a direct
return to the ground state. There is a smooth decrease of energy
transfer probability with energy defect. This fact has important
implications for treating, in a microscopic way, the occurrence of non-
equilibrium populations, especially of reactive species, within high
temperature systems.) As a result, it appears that a similar range of
vibrational levels in the flame gases participate in the E+V+T transer
out of the 4P level and the 3P level.

The small value of Q(4P) from Reference 2, which necessarily includes
reactive collisions as well, and the size of k(4p-3d) suggest that
reaction of the 4P level does not occur rapidly. We thus do not under-
stand why the 4P level excitation does not produce opto-acoustic pulses.
Perhaps the answer lies in more detailed understanding of the dynamical
formation of the pressure wave.

VI. CONCLUSIONS

We have described a new type of opto-acoustic effect -- the produc-
tion of pulsed sound waves in an atmospheric pressure flame following
deposition of a laser pulse into electronic energy levels. The experi-
ments on Na demonstrate that good signal to noise ratios can be obtained
at sub-ppb levels of the seeded atoms, using a co-..ercially available
laser of modest power. (We add that opto-acoustic signals have also
been observed by pumping Na in the C2H2-air flame using a dye laser
pumped by a N2 laser; a more quantitative study may reveal further
details concerning the formation of the pressure wve, since the dye
laser pulse is in this case only several nsec long as opposed to 1 usecfor the flashlamp-pumped laser.)

The opto-acoustic pulse signal thus forms a sensitive detector of
selective absorption of laser radiation. There appears to bee no funda-
mental reason why the technique should not be applicable to other species,
including in particular molecular absorption systems. We remain mysti-
fied, however, by the lack of opto-acoustic signal from the Na 4P exci-
tation, which suggests that the situation is not entirely straightforward
and should be approached on a case-by-case basis. Nonetheless, we feel
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that there is promise for the technique simply as a detection mode,
particularly for species which absorb laser radiation but do not
fluoresce readily (either due to high pressure or the rapid crossing
into a non-fluorescing state).

The form of the pressure pulse produced, if it yields to analysis,
holds information on density gradients within the flame and perhaps on
relaxation phenomena within the flame gases. For the investigations of
quenching in Na under conditions approaching optical saturation, detect-

1~ ion via opto-acoustic pulses provides a measure of the excited state
number density under conditions in which fluorescence detection is
hampered by self-absorption problems. It may. thus be a useful complement
to fluorescence in experiments designed to probe behavior near saturation
over a wide range of Na density.

Finally, and perhaps most important, the method affords the ability
io produce locally within the flame a pulsed sound wave. This has pro-
vided rapid and spatially resolved measurements of the speed of sound
within the combusting system, and could form a useful tool to generate
sound waves for an investigation of the noise produced by flames.
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