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I. INTRODUCTION

A. Laser Probes and Combustion Chemistry

capeia it Az &, -

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 individuzl molecular species at
partial pressures ranging from several atmospheres down to 10-10 torr.
The use of scanning lasers permits one to map out eanergy 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 correspeading to different degrees of freedom.
Measurement of iaser absorption iine-shapes within flames provides data
on energy transfer rates znd translational temperatures. The recent
successful observation of two-photon excitation of Na in a l-atm pressure
flame? suggests numerous possibilities for probing those species now
inaccessible by present-day ccmmercizily available lasers with one-photon
excitation.

‘: &
z

Y AT

The use of the full arsenal sf these laser techniques so far
demonstrated would provide 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 ;; beam diameter is generally easy. Pulsed lasers of
various types vield concomltant temporal resolution down to several
nsec. Consecuently spatial profiles, over time periods unblurred by
turbulence, can be obtained for these quantities of interest. It should
be noted ilat, in additiom, laser probes are non-perturbative. That is,
they introduce no physical barriers into the gas flow or provide surfaces
which could cause heterogeneous catalysis influencing the chemistry.
Although th> pres=nce of particulate matter czn be a serious problen,
extrenes of temperature and pressure offer no hostility to the laser
beaw itselrs.

WAAN T &l 257 LA L U E N AR B

The field likely to benefit most from this detaiied picture is
that ¢f copbustion chemistry. The informztion on transient, reactive
spéc:cs will provide the key to the mechanistic chemical kinetics hereto-
fore usuvally only inferred from the composition of final products.

g
i 3
E 1 . . - . -
i. A. C. Eckdreth, P. 4. Bonezyk and J. F. Verdiec %, "Review of Laser
%A acman and Fluorescence Technigues for Practical Combusition Diagrosiics”, )
i United Technologies Research Cenier Report 377- $2665-6, Rartjord, [T, B
*3 3? FPebruary 1977. 3
H FE A
7 It 2 - . . - :
% iz J. E. Allen, Jr., W. R. Anderson, D. R. Crosley and T. D. Fansler,
3 N "Energy Transfer and Querching Rates of Laser-Pumped Electronically s
= B Excited Alkalis in Flames", Sevenieenth Symposiur (Intermaticnal) H
§ : on Combustion, Leeds, Ergland, August 1978. B
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Data on state distributicns 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 tneovetical chemical kinetic modelling on modern large computers
has been heralded3 as promising - finally - significant advancement

in the enormously complex protlem of the chemistry of combustion. An
understanding of the chemistry pertirent 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-
trolied 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. While
this can be a highly sensitive method under many conditions, there are
other situaticns in which it is less suitable. For example, high
excited state quenching rates reduce the degree of emitted fluorescence,
and Raman-scattered photons could be absorbed by some interfering
molecular species. One recent alternative method is the optogalvanic
effect,? in which the yield of collisionally produced ions is enhanced
by promot1on, us:ng laser excitation, to excited electronic states lying
nearer to the ionizatioa continuum than does the ground state.

B. Optec-acoustic pulses

We 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 s flame operating at atmospheric pressure,
following deposition of the lase: energy into an electroric transition.

The flame is seeded with slkali 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 irom 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

3p. Hartley, M. Lw.v and D. Hardesty, "Physics in Combusiion Research",
Physies Today, December 1875, 35-47.

¢ .
"R. B. Green, R. A. Xeller, P. K. Schenck, J. C. Travis and C. G.
Luther, "Opto-Galvanic Detection of Species in Flames™, J. Amer.
Chem. Soc. 98, 8517-8518 (1976).
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collisional conversion of electronic to translational energy (through
the intermediary of molecular vibration), the signal is thus not reduced
at high pressure as is the fluorescence. The results have provided
directly useful information as well as projections concerning the
sensitavity of the technique.

The opto-acoustic effect in general, viz., the conversion of optical
to acoustical energy through absorption and coliisional 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-
Tence foilowing pulsed excitat ion, and the existence of the effect under
in sZiu conditions on a l-atm pressure flame burner (in contrast to the
typical mode of operation using specially constructed cells at low
pressure).
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In addition to exﬂloitin5 its detectlon capabilities, we have also
utilized the effect to periorn meacurements of the speed of sound within
the flame on a spatizlly resclved basis. These data provide information
on the translational temperature of the fiame gases. This aspect may
prove especially useful for environments tuo hostile to admit thermocouple
probes or processes too rapid to obtain usable thermocouple response.
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The actual mocde of formation of the pressure wave -- the fluid
dynamics aspect -- 15 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. Sone modificzation of the experiment might per-
rit the waveform to be used to extract bull energy transfer rates, but
- we have not pursued that end.
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Most of the experiments to be described were carried ocut pumping

- 2 the 3P state of Na. We have been unable teo detect opto-acoustic pulse

; formation when pumping the IP level, and we conclude that the net effec-

tive conversion of electronic to translational emergy, at least over the

salient time scale, is less efficient for this ievel. In conjunction )

with Tthis experiment, we also comsider some of Lhe results on energy
B transrer pathways among excited sLath of Na in the flame, obtained

3 o using multiphoton excitatior of fluorescence.
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1. EXPERIMINTAL DETAILS
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The experimental arrangement is depicted in Figure 1. The flame is
a fuel rich mixture (1.5 times stoichiometric) of C)H> and air, and the
slot burner is a standard type used for atomic absorption analysis. Na is
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°B. Y. Pao (ed.), Optoaccusiic Speciroscopy and Detection, Academic

Press, liew York, 1977.
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introduced by aspiration of Nal solution; rmany of the experiments wers
carried out &t a Na concentration of the ordc: of 1010 ztoms cm-3

as determined from both absorption and absclute fiuorescence measurements.
Additionally, 2 few experir.nts have been rua using Li as the seed atom,
or with Na in a CHy/a:r flame. The experiments ase carried out at

heights ranginz from 0.5 to 3 zm above the surface, that is, in the region
of the secondary reaction cone contazining partially combusted gases.

R

The laser used a Chremariv C commercially available fiash-
lamp pumped tunabie : hav: Juration of 1 psec. Al-
though the laser is f d ‘ET3 mJ/puise in the region of

typically at < 1 mj/pulse.
The bandwidth is nomlnall) m-l and can te narrowed to 0.16 cm™? by
insertion of an etalon. (In a separate experiment, not further described
here, optn-acoustic pulses have aiso beer observed with a N2-laser-pumped-
dve laser. The 5 nsec pulse lengths available with this instrument offer
useful versatility with the techmiques).

The laser is focused to a few mm beam diameter and directed 1nto
tne flame at a spot ~ 2 cm above the burner surrace When the laser is
wuned 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 v~ 4 cm from the flame. After ampiification, the 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.
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In Figure 3 is exhibited 2 recorder tracing of the amplitude of the
pressure wave signal vs. laser frequency. The laser is operate: here in
its narrowed mode and automatlicali: <ran -er the wavelength regicn
which 1nulﬂﬂcs both éaub’eL COEPONents. marked 'etalon
reset’ 1 s is clear that the
pressure waves result thaT101 and ne
from some o=he node o the slame gzs

such as laser-indt
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The laser power was usually @ a laser calorimeter
the flazae. An alternacte “eth “".' snlxtting cff a small por
of the beam before its entry i he flame and directing it to &
trometer outfitied with & photom iplier. These detectors also served
at times for measurement of abs orp ion and “luorescence. In addition,
the optogalvanic signal, also in the form of pulses, was occasicnally
monitored. All four phenomena - absorntion, {:uorescence, optogalvanic
palses, and optoacoustic pulses - occur s*muitaneously 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-l) bandwidth. (This run was made at very high
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- Figure 2. Oscillioscope trace of an optic-acoustic pulse. The time scale ;j

: js 20 usec/cm, and the trace is triggered as the laser fires. Data such 5
as those shown in Figure 2 are obttainec from the difference between z

first two extrema, using the dual channel boxcar. The later 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 1 is a spectremeter, with associated optics and
photomultiplier, which was used to measure the fluorescence from the Na -
particularly in those experiment52 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 mpeasured by the microphone and displaved 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 znd constitutes the 'microphone signal'’
used below to denote the nagnitude of the pressure wave.

C. Magnitude of the Pressure Wave

Fron the information directly available from the experiment, we can
only speculate on the node of formation of the pressure wave. Collisionai
quenching of the excited state transfers the Na electronic energy iato
vibrational levels of the flzme gases (as demonstrated by am experiment
on electronic-to-viktrational-to-electronic energy transfer between Na
and Li in the same flame2). This energy is then rapidly converted to
translational energy, resulting in translatiomal heating of the region
illuninated by tie laser beam. Because sound travels only about 1 ==
during the 1 usec heating time, and the iaser beam is typically 2 little
larger than this, we envision the energy deposition as resulting in a
siightly 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 typical, experiment to measure the
absolute laser energy deposited and the resulting pressure wave amplitude.
The Na absorbs 0.22 mJ from a single laser pulse, as the beanm traverses
a 1 cm path through the flame, with a diameter of 15 mm. Over 995 of
the excited atoas 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 temperature (from speed of sound measurements
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described below) of 2300°K. The irradiated volume of i.75 cm3 thus has _
a heat capacity of 0.34 nJ/degree and is heated 0.64°K. This is a truly .
negligible perturbation ccmpared with the temperature of the flame gases fi
thenselves. A pressure rise of 0.22 torr within the heated volume is

calculated using the ideal gas law. F\
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At the microphone, the amplitude of the resulting pressure wave ,
wili be lower, because of the outward expansion of the wave. In these
experiments, it is the pressure amplitude {nct energy density) waich is
measured. A fall-off inversely proporticaal to the distance 1 betwesen

flame and microphone is thus expected. Fig.re 5 shows a plot of the
picroptone response vs. 1-1, verifyving this dependence.
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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, usiag a calibrated microphone,
is 0.15 torr. 1Im 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.
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D. Form of the Pressure Wave

IR ITR Ay £ K a1 %s ~imn !*: .

=

i 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
geonetry of laser/flame/microphone. 1If, however, this geometry is
changed, considerable differences resuit. 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
usec/ca. (The amplitude referred to throughout this paper is messured

by setting the two boxcar gates to sample the first positive and negative
extrena of the waveforas, 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 interierence from density gradients with-
in the flame, though no analysis was attenpted. Perhaps in a more care-
fully controlled experiment probing those gradients, useful information
could be obtained from the wavefora.
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it was originally hoped that the waveforam might provide informaticn
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 relaxaticn process. Vibrational :
2. relaxation tizes at 1 atm are of the order of the laser pulse duration.
The iaser pulse thus is expected to produce a spectrum of sound frequencies,
and it was hoped that a Fourier analysis of the opto-acoustic waveform
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might yield information on these relaxation times witkin 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 nc 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 directly
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
a very high quench rate for electronically excited alkalis, especially
Na.

In 2 short series cf experiments, three different micrcphones cf
varving 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 reiated
to the quenching/saturaticn studies discussed below). It can be seen
that the microphone diameter does not affect relative response for these
experiments.

i1I. APPLICATIONS AS A PROBE

A. Concentration Measurements

It has already been demonstrated that the formation of the opto-
acoustic pulses introduces a negligible perturbation inio 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 compléement
to laser excited fluorescence.

Our simple picture of E+\>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-
neters. 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 Nal solution aspirated
into the flame. The nonlinear curve-of-growth 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.
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the optical saturation studies) showing that microphones of three :
different diameters yield the same relative response.
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presumably the Na concentration in the flame follows the solute
concentration.
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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
pulses), a signal-to-noise ratio of about 2:1 should be obtainable for
Na densities of the order of 107 atoms per cm3 in our 1 atm flame.
Although this is not as low a limit as one can obtain using laser-excited
fluorescence for this species, cpto-acoustic pulses nonetheless do con-
stitute a sensitive detection technique. It should be emphasized that
we have undertaken no effort to shieid the microphone from extraneous
sources (pumps, etc.) of background ncise; 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 dc 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 occurs. However, the
collisional transfer would still resuit in the formation of a pressure
wave upon conversion into translational energy. Another molecular situ-
ation might be a case in which the excited wolecular state predissociates;
pressure waves would be produce¢ 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 Measurements: Speed of Sound

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

To measure the speed of sound im situ, 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 -3ve 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.)
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The measurements were made at three different
the region of partially burned gases. The results were all the same,

(9.7 £ 0.5) x 10% cm sec-l, within experimental error. The uncertainty

could be reduced by a more careful measurement of distances than was
done for this demonstration experiment.

heights well into

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

1/2

u_ = [YRT/M]™: (1

From the stoichiometric composition of the initial flame gases, and
reasonable assumptions on the degree of combustion, 2verage values were
caiculated for M (molecular weight) and y (heat capacity ratic). Since
most of the flame gas is made up of N2, this is not a critical pair cf
numbers. These values are then used to calculate the temperaturs using
Eq (1). The result is 2280 * 230°K, which may be compared to the
adiabatic flame temperature for this flame® of 2545°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
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 carrving 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 additien, the optoacoustic pulse method furnishes the ability
to generate puised 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,

°4. G. Caydon and H. G. Wolfhard, Flames: Tkeir Structure,

Radiation
and Temperature, 3rd Ed., Chapman and Hall, London, 1970.

.
.
-
=%
4

Arnrbtiged st sty dtina wal el

o
"['ﬂl I8

diarid

A S

' 0
AT LASt et ey ¥ ATEDN AT

oy o e

e ey et TS IEERG LT




TR g Dy e oo L
SRR A e e - i
d AUITUTT R e T 2 St Sy Oy SR
SR TSR O o D TP IR R AR L \‘ka«»sa, -
LA T . o
R e T

. PSR AS
A T

Tt

X RSN

e

IV. QUENCH RAT® MEASUREMENTS

BTN ¥

Descriptive Equatiocns:

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 atcm, 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.

R I T Y O e T e e )

With a focused laser beam, it :s easy to obtain energy densities
approaching saturation of the optical transition in Na, even for the
high quenching rates round in atmospheric-pressure flames. Daily’ has
suggested operation ip this regime to obviate the need for quenching
rates to analv:e laser-excited fluorescence data, and recently Baronavski
2nd McDonald® have used fluorescence measurements and a series expansion
of ‘the fluorescent signal equation to measure the quenching of C7 in a
flame. Using the optoacoustic pulses, we have measured the total
quenching rate for Na in the acetylene-zir flame.

.
IR Tl

We consider a two-level system (see Figure 11) and write a steady-
state equation for the excited state number density Ne.

dNe
qr T 07 BNy - (BT Qe R, . ”

time scales involved
ficantiy shorter than
nst
¥

&

The assumption of a steady state is valid since t
for the absorption and quenching processes are si
the laser pulse duraticn. Here, B and A are the ein coefficisnts
for absorption and spontaneous cmission, respectively; the term BIN,
accounts for stimulated enis:ion 1 is the laser spectral power density
measured ia (erg/sec) per cw? per unit frequency interval. Q is the

totral quench rate, per sec, for the upper leveil.

Sighn
k

A A R e e R s e

Since the total Na aumber density is a constant XO i.e.

e

: 7. . .- - s
. d. #. Daily, "Saturation I

‘ez2ts in Ioser- tnduce Fluorescence
‘" ksl 1 : 7 1
Spectrcscopy”, Avpi. Opt. i85, o 1 (1
n

8A P. Barcnavski and J. 3. MeDow~ld, "Yeasuremeni of C, Concentrations
in @z Ozyger—acetylene Flamz: Ar Applicaiion of Sa ¢nntzon Spectros-
copy"”, J. Chem. Phys. 66, 3300-3301 (1977); A. P. Baronavski and dJ. R.
¥eDonald, "’Dvbzc“vlon cf Saturation S”ecbwoscovu to the Measirement of

02, °v Corcentrations in Oxy-aeetylene Fiames", Appl. Ovt. 16, 1897-1901
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Eq. (2) may be solved for the steady-state value of Ng

pmayn

EEArriraTs vt Srew T

Xageif=y21 0

BIN0
(Ne)s.s. = Q+A+2BI °

—
s
-~
(2]
Naea?
BEtvaa i

Now the opto-acoustic pulse signal M is proportional to (Ne s.s.t

YaAAL

LTI T e ap § /e g Pavanai e

where the constant represents the efficiency of conversion of electronic
to translational energv, the microphone and amplifier characteristics 1
and geometrical considerations. Substituting into Eq. (2), one has for
the inverse of the microphcne s gnal

™

LAl P TR IR OO SRR 000

vl=cpzs &Hy . ()

T
-

T

Thus a plot of w! {in arbitrary units) vs. it (in absolute units)
should yield a straight line with a slope to intercept ratio of

%

5

3
.

QA _ Qfadl )

i

= A :B ~ 2B/X
i 32 The relationship beiween B and A is known from thermodynamic consider-

g e ations:

£ 3 5

ke = = -i- H
- 1. B2t > (6) ;
i 3 :

<o 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.

"‘ \’J/ Vs, ya e e v s S Y g }'ﬂvya’ TR

AR
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it may be parenthetically noted that these simple equations pertain
to a two-level model only. Sodium itself Las three levels participating
in this process, the 251/2, 2P1/2, and 2?3/3. Taking into account the
transfer between the upper doublet components, which requires a separate
fluorescence scan of the D-iine emission, one may 5till obtain an anai-
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-
tionai levels among which energy transfer may occur, the equations

"i S “ 4 o X N
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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

.

uew

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 Figure 12, where the
spectral power density is here given in erg cm” 2 sec The
experiment was repeated after focussing the laser to a beam diameter
cne third the size, resulting in power densities an order of magritude
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.
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Figure 14, shows a pict of the data for one run, in the form of Eq.
{1). The error bars represent cstimates of the readability of the box-
car signals; the line 1s an unweighted least squares fit tc the data.
In this instance we obtain Q/A = 410 # 40. Using the value A = 6.3 x
107 sec-l, this results in 3 Q = (2.6 ¢ 0.3) x 1010 sec-i.
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ey
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This is too large, by comparison with calculated values usin§
previously determined cross sections for the quenching collisionslO
Part of the problem is due to the Gaussian nature of the laser beam
spatial prafile,11 and our choice of intensity/range and Na density.
Reference 2 contains more realistic results combining the opte-acoustic
pulse measurements with fluorescence results. Nonetheless, these results
clearly demonstrate that the opto-acoustic pulse method forms a useful
detection technigue.
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V. 4P LEVEL PUMPING

Excitation to the 4P level is providgd by frequency doubling the
laser to the resonance wavelength of 3303A. Although the oscillator
strength of this transition is low, we can operate at high enough Na

density to observe _casureable excitation, as confirmed by fluorescence
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: 4. HE. Gelb, A. J. Hotlar cnd D. R. Crosley, "Response of a Mplecular
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E System to Optical EZzeiiation inder Saturation Conditions!, to be .
mStLished.

10 P. Hoomayers and C. Th. J. Alkemade, "Quenching of Excited Alkalis

toms and Related Ejfecis in Fiames. Part II. Measurements and
Dzscu38yon s J. Quant. Spect. Rad. Transf. 6, 8¢7-87¢ (1965].
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s 5. Daily, "Saturation of Fluorescence in Flames with a Gaussian
Beam”, Appl. Opt. 17, 225-229 (1978).

SN 13y $0, g

k]

3

29

e

Gl AL AN AR i vostins e

flarr <0

)
alle.
s




2RI AR LR | a:.ﬁ%%ﬂé Qb

PET VI

T T T L T L L TF T A N I b it ez.ic
1 w.dd AN & o Jv Wi U T L, R * F},(a,._ o.vm:i AP ORI T ;:f:w_.q.f-
d )

. m o

U Pt 2w MR et

RO

' (4933w} p weagq bavy) JoM0d 43SR| MO 404 ‘{¢) 'bi jO w0 dy3 u} T“ ' T W 40 101d 'Z| A4nbyy
1 -1
i 002 0S| ool 0S 0

b

Y e ek

T -

SIS

S

Pyt

n
Wi “"‘!

30
T

Mo

b3
w h ' ° — ‘w 4
i
G = w N
9 i
! :

e
i <

o

st

A

ww ez it
¥313WVIAd Wv3sd

RS e
Size

o e,

FART

e » ‘ 3 YA a p iyl e & s e AT ¢, LAV, § i L¥ptnls
SRS St A SRR A B3 S A SIANE S CHF AN A B p T LAV I U A AL i bbbyt g sy S erss i i g PRI, : ST BTN S
-
- Y v oA 5 Tk eie il e 1 —c.ﬁ{?s. . - . . :
P L & e s Yy v 1....‘ VAN 3 O e LA AT S e et 0y et ) Ry RSN ORI TURRAYA % P vt " .
. WA e T AT ! : TR LT L AT




e . o ,,..z:::...é.é..,,.,ésﬂﬁ.ﬁia_i34&?. ﬁ%
QR ©e =t e 7 T LT L M7 WC LA b l . Z%ﬁ -z«w%v#&%“\

.1.;.!

e A
o,

R e e ~ne o
H

3

e

e

o

*{weaq passnoo)) Joamod 4ase| ybhpy w04 ‘{p) b3 4o waol dy3 vy ..L *SA _..z 40 301d ‘¢ aunbyy
(-1
0z 1 Ol S oo M
— _ T !

T

NV

%

p——
I I Y e
SN R

& gy o 7

e

RS2

e

ww g/t
¥ILIWVIU WVY38 .

o

L b
ConE Lukaa

¥
By

Dvrog

.
% wm ey

Ry

« A et O PRI AU E e
I T B e e el eiad ' o > " A Z N PO e ﬂ%zmgﬁw‘s.\t:a. -8
LA B M T WD AR A DO A VY b : _

ot MBVJ‘J&. Awr. )y

e

b i . . q FREXT v y y SrYN .,9&:’5& wﬁ ﬁ_«.

piay .m:. 2 ! . : A ) pet ikl

T




.—— e =TT o ’ rroamesv moerr oy O ‘..::;3..,..._/5>.:d....:wzn«.w;h\

wx e ok M e ¢ o e

NN B LR AS e %0 6 D8 S R

*3}4 sodenbs-3svay

'l
4 paIub L aMuUn UR S| Uil Yyl *INdINO JUIXOQ dYF 4O A3} L1QRPRAL DYY JO SDIVWISO JUDS0.4dDd SuRQ 40443
ﬂ . *A3)SUBp JamOd~[04300dS QY3 SO BSURAU| SNSIIA OpN3} Ldwe DAUM=DUNSSDJd DY) JO DSJOAU]  'p| 04nbyy

e iy
T e

(s zH | Bio ,wd) AT

Ll

4 8 9 v 4 0 i
5 X
) ] v ] 1 L
(m : .:.
4 e
£ U
5 A
% Lk
) "

Ly 7

it

)

X

™~

(stun Amugqm) W

A 38 ik " A oty o v
LA LRI Bt ot O R £ R S LA } E DAY AT R R A S A S A R AT R A RINPIAR; : VRN A
, . ....
= Gl .. 5 - “ (s 9 g £ p* © * .
Bt ALY 4 LS D SRR Lt DI sttt e T ERL K244 0 N e VT . v o AP
« i i, " 5 b 4 R YL A IR ) TN PN ..cn_.,!:f gv. M mw..m 1
Soe - * B ¥

-at— - o ——




0

QTGP TI P ICAIITR

\

o

KRN AN Y i 2t d s B AT 1 wag /Pt

GIENT,

AR RN

4313, 8
i

A T gy e
FHO)

TSy T T 2T W g A e R AR St "
pores g o e A Sy Lot AT

Ei R ok o g = - - oy By

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 tc that outlined above for the 3P level. The anticipated value
is 18 mTorc 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,l2
it would have to be much faster than observed there in order to compete
with collisional quenching in our systea.

Further information about relative quench and energy transfer rates
is obtained from observations using two-photon excitation.? There, the
laser was tuned to the wavelength corresponding to half the energy dif-
ference between the 3S state and the 3D, 5S 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 iow pressure experiments on both the 5P1C and 4P13 levels.
Consequently, there would appear to be no energy bottleneck attributable
to at least the E to V aspect of the energy transfer.

120 H. Muiler III, X. Schofield and M. Steinberg, "Near Saturation
Laser Induced Chemical Reactions of Ha (32P./2 1/2) in H2/02/P9 Flares",
Chem. Phys. Letters 57, 354-368 (1878). ? )

g, 2. Gallagher, W. E. Cooke and S. A. Edelstein, "Collisional Deacti-

vation of the 8s and 4p States of fa by Ny", Phys. Rev. 417, 125-131
(1878).
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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 35S, 4D or 3D
level (mostly the 3D). Much of the remainder is likely tc 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 decrrease 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 -ange of
vibrational levels in the flame gases participate in the EB+\»T transer
out of the 4P level and the 3P level.

The smail 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. CONCLUSICNS

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 com=zercially 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 N> laser; a more quantitative study may reveal further
details concerning the formation of the pressure wave, since the dye
laser pulse is in this case only several nsec long as opposed to 1 upsec
for the flashlamp-pumped laser.)

The opto-acoustic pulse signal thus forms a sensitive detector of
selective absorption of laser radiation. There appears to be 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 put do not
fluoresce readily (either due to high pressure or the rapid crossing
into a non-fluorescing state).

T

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-
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 provbe behavior near saturation
3 3 over a wide range of Na demsity.
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Finally, and perhaps zost important, the method affords the ability
to produce locally within the flame z pulsed sound wave. This has pro-
vided rapid and spatially resolved =zeasurements of the speed of sound
within the combusting svstem, and could form a useful tool to generate
sound waves for an investigation of the noise produced by flames.
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