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I. INTRODUCTION

There is considerable experimental evidence demonstrating the
existence of major departures from thermal equilibrium in the reaction
zone of a variety of flamesl. 1In addition, recent results confirm the
non-equivalence of different forms of energy, electronic, vibrational,
rotational and translational, in their ability to affect chemical reac-
tion rates?. Thus a system in thermal disequilibrium may well have
reaction rates (even mechanisms) not describable by simple Arrhenius
parameters obtained from measurements at low temperature. How much these
considerations affect actual overall combustion processes 1is currently
unknown. The answers lie in attaining, at least for one or a few simple
systems, a full understanding of the chemistry in this context: knowledge
of reaction rates of excited states, and of the mechanisms and rates of
interconversion of energy among the several possible degrees of freedom.
Even for a combustion environment in which the chemistry can be success-
fully described by a single temperature parameter, considerations of
energy transfer remain important. Most of the new laser-based diagnostic
techniques measure population distributions for internal degrees of freedom
of various molecules, and these observables must in turn be related to
the pertinent chemical kinetic and gas dynamic temperature.

To date there exists little, if any, direct experimental investiga-
tion of rates and mechanisms of the transfer of energy within a flame
system. In this series of experiments, we explore a number of aspects
of these phenomena in an atmospheric pressure, acetylene/air flame. To
do so, the flame is seeded with Na (and sometimes Li), as done by those
practiced in the technique of line reversal thermometry. In that method,
one strives to attain thermal equilibrium between the Na and the flame
gases; here, on the contrary, we use a pulsed tunable dye laser to pur-
posely perturb the populations of various excited levels of the Na far
from their thermal equilibrium values. Measurements are made of Na
fluorescence dispersed through a monochromator, and of the pulsed pressure
.waves3 formed by collisional quenching. The laser is operated at power
levels corresponding to non-linear as well as linear regimes of absorption.
Within the framework of steady-state collision kinetics, the data furnish
a variety of relative and absolute rates for state-to-state energy trans-
fer and overall quenching.

4. @ Gaydon and H. G. Wolfhard, Flames, 3rd ed., Chapman and Hall,

1970.

2P. R. Brooks and E. F. Hayes, editors, State-to-State Chemistry, Amer.

Chem. Soc. Symposium Series 66, 1977.

3J. E. Allen, W. R. Anderson, and D. R. Crosley, "Opto-Acoustic Pulses

in a Flame", Optics Lett. 1, 118-120 (1977).



Such information is important in itself, to properly describe the
excitation and quenching mechanisms operative in Na, for experiments
such as the line reversal technique itself and the usc of laser-excited
fluorescence in Na as a flame probe. In particular the experiments
involving excitation under conditions of high laser intensity are per-
tinent to the development of saturation techniques4 in laser excited
fluorescence. This is a promising way of overcoming the problem of
quenching in the employment of laser excited fluorescence as a probe
of molecules present in combustion systems; information on a simple system
such as Na is necessary to better understand the physics of the saturation
process itself under real flame conditions.

Of perhaps more importance, however, is the information obtained
not on the Na per se but on the behavior of the collision partner flame
gases through a study of the Na transfer. In this connection, we empha-
size at the outset that we have not carried out the current measurements
over a range of flame parameters; in fact, we have not laboured in the
current work to obtain an especially well characterized flame. Such
work is clearly the next step beyond these experiments. Nonetheless,
the present results do provide some insights into energy transfer
mechanisms. In particular we find: stepwise relaxation in a multilevel
system, but not in a way prescribed by a simple pattern; a collisional
conversion of electronic to translational energy varying in efficiency
with energy; and the occurrence of electronic to vibrational to electronic
energy transfer. All of these results have implications concerning
understanding the flow of energy among degrees of freedom in a complex
flame environment.

Figure 1 exhibits the energy level scheme for Na pertinent to these
experiments. The vertical solid lines denote the pumping transitions.
In the case of the (parity-forbidden) 4d-3s, 5s-3s, and 3d-3s transitions,
atoms are excited by two-photon absorption at a frequency v = (%) (AE/h).
Excitation of the 4p and 3p levels 1s accomplished by single-photon
absorption.

The slanted dashed lines in Figure 1 denote the transitions monitored
through the spectrometer. These pumping and monitoring wavelengths are
listed in Table I. Also included in Figure 1 are several nearby levels
(4s, 4f, 5p and 6s) which are not monitored and which are ignored in the
kinetic network, as well as an indication of the magnitude of kT for
2545°K, the adiabatic flame temperature for a stoichiometric acetylene-
air flamel.

4J. W. Datly, "Saturation Effects in Laser Induced Fluorescence Spec-

troscopy", Appl. Opt. 16, 568 (1977).
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Energy levels of and transitions in Na pertinent to the
experiments. The solid vertical lines denote individual
excitations routes, while the slanted, dashed lines indicate
observation transitions (numerical values are given in Table
1). The 4s, 4f, 5p and 6s levels are neither pumped nor
monitored but included here for reference. The value of KT
shown is that for the flame temperature.
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TABLE 1. EXCITATION AND OBSERVTION WAVELENGTHS FOR Na

NUMBER OF
_,  EXCITATION, PHOTONS TO MONITOR o MONITOR

LEVEL ENERGY, CM_~ WAVELENGTH A  EXCITE WAVELENGTH, A TRANSITION
3p 16970 5890,5896 1 5890, 5896 3p-3s

3d 29170 6854 2 8191 3d-3p

4p 30270 3303 1 3303 4p-3s

55 33200 6022 2 6159 55-3p

4d 34550 5787 2 5686 4d-3p

12



IT. EXPERIMENTAL DETAILS

The basic experimental arrangement, which is the same for all of
the measurements, is described here; individual details are included in
the sections which follow.

A fuel rich mixture (about 1.5 x stoichiometric) of acetylene and
air is burned on a standard flame aspirator burner at atmospheric pressure.
Na is seeded into the flame as sodium iodide solution. A pulsed, flash-
lamp-pumped dye laser (Chromatix CMX4) is directed into the flame to
provide resonant pumping of a particular Na excited state. The laser is
operated in the visible (with the dyes rhodamine 6G or rhodamine 640);
for the 4p-3s absorption, frequency doubling is used. Insertion of an
intracavity etalon permits the laser linewidth to be narrowed from its
nominal 7 cm™! full-width at half-maximum (FWHM) to a FWHM of 0.3 cm-1l.
The laser pulse length is 0.9 psec, and the laser is capable of modest
power - a few mJ per pulse. Nearly all of the experiments are carried
out at repetition rates of 10 or 15 pulses per second.

The laser beam enters the flame at a 45° angle with respect to
the burner slot. For those experiments requiring precise knowledge of
the laser spectral power density, an iris is used to vignette the beam,
providing a spatially homogeneous cross section, and the beam diameter
and profile are measured using a knife-edge on a translational stages.
For the two-photon absorption experiments, which require high laser power,
the beam is focussed with a 15 cm focal length lens. Typical beam
diameters were 4 mm (unfocussed) and 0.2 mm (focussed). The burner was
raised or lowered with respect to the laser beam for runs at different
heights.

Measurements are made of the fluorescence from the excited states
of Na, due to the laser pumping. The region of the flame irradiated by
the laser is focussed onto the slit of a 0.35 m monochromator outfitted
with an EMI 9859QA photomultiplier; the response of the detection system
is calibrated using a standards lamp. Due to the pulsed nature of the
laser, the laser-induced signal is typically less than the background
thermal flame emission on an average basis although it is much higher
during the actual laser pulse. This is especially a problem when the
intense 3p-3s transition is monitored; occasionally an attenuating optical
filter must be placed in front of the slit to prevent saturation of the
photomultiplier. The use of gated detection thus greatly improves the
signal-to-noise ratio. The photomultiplier output is fed through a pre-
amplifier and precision attenuator into a boxcar integrator which has a
0.5 usec gate width and is triggered by a synchronization pulse from
the laser. The boxcar output, which is the average signal over a number
of laser pulses, forms the input to a chart recorder. In addition, the

SH. D. Zeman, Electron and Photon Interactions with Atoms, (H. Kleinpoppen

and M. R. C. MeDowell, editors), p. 581, Plenum Press, 1976.
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instantaneous photomultiplier response is monitored on an oscilloscope,
also triggered by the synchronization pulse.

Although some of the Na atoms fluoresce, most (> 95%) are quenched
by collisions with the flame gases. In at least the case when the 3p
level is pumped, the absorbed laser energy is converted to translational
energy of the flame gases, presumably by E»V>T transfer, resulting in
the formation of pulsed pressure waves (sound waves) which propagate out-
ward from the flame3. These are monitored using a condenser microphone,
typically 1.3 cm diameter, situated a few cm from the flame. Its output
after appropriate preamplification and attenuation, is fed to the boxcar
and oscilloscope.

The laser power is varied by inserting neutral density filters into
the beam. These filters are calibrated using the laser and a thermopile.
The amount of absorption, by the Na, of the laser beam passing through
the flame is measured using a laser power meter while scanning the laser
wavelength.

A. Transfer Among Highly Excited States

In this series of experiments, the laser pumps, in turn, each of
the four excited states lying in the 30,000 to 35,000 cm-l region (see
Figure 1 and Table 1). The population of each of the four levels is
deduced from measurements of the laser-induced emission intensity for a
line originating from that level. From the population ratios we deter-
mine ratios of the total quench rates and the energy transfer rates among
these levels,

Consider, for illustrative purposes, the case in which the 5s level
is pumped by the two-photon transition at 6022 A. The populations of
the three levels not initially excited are given, within the steady-state
approximation, by the following equations:

Qg%iél- = 0 = k(5s+4d)N(5s) + k(4p>4d)N(4p)
+ K(3d+4d)N(3d) - Q(4d)N(4d)

UL = o = k(4ar4p)N(4d) + k(5s>4p)N(5S)
+ k(3d>4p)N(3d) - Q(4pIN(4p)

14



dN(3d)

T = 0 = k(4d+3d)N(4d) + k(5s>3d)N(5s)

+ k(4p*3d)N(4p) - Q(3d)N(3d)

{when any other level is pumped, there is a corresponding equation for
dN(5s)/dt). Here, N(i) is the population of level i, and k(i»>j) is

the transfer rate from level 1 to level j. Qi) is the total loss rate
from level i; it is equal to the sum of the rates of all the collisional
transfer processes out of level i, the total radiative rates out of level
i, and the rates of any reactive collisions involving level i and the
flame gases. Detailed balancing is invoked to relate upward and down-
ward transfer rates: '

k(i»j) = k(J»1) (gj/gi) exp [(Ej-Ei)/KT],

where g; is the degeneracy of level i. This leaves a total of ten inde-
pendent rates in the full network of equations: the six downward trans-
fer rates among the four levels, and the four quench rates.

Three important assumptions are implicit in the use of these equa-
tions. The first is that the 3p level can be decoupled from these four
excited states. This is valid insofar as upward transfer (e.g., 3p>4p)
is negligible, which is reasonable in view of the large energy differ-
ence between 3p and the levels considered here. The second, which is
more tenuous, is the omission of the 4s, 5p and 6s levels, which are
much closer. Experimentally, we see no emission from 5p for any pumping
transition, and only a very small amount from 6s in one case (pumping
4p). Thus the population of these levels is probably negligible, and
their neglect is valid. However, our instruments are incapable of
detecting transitions originating from 4s and we have no information on
the population of this level.

The third assumption concerns our handling of the 4f level, whose
transitions we also cannot detect. It lies within 40 cm-l of the 4d
level. We assume very rapid transfer between 4d and 4f, so that the net
result is that of a single level (which we continue to designate 4d)
having the same energy but 12/5 the degeneracy of the 4d alone. It is
our opinion that this limit of complete 4d-4f mixing is more realistic
than the opposite limit of no mixing. (An analysis of the data using
this latter no-mixing limit yields some different quantitative results
but the same qualitative conclusions.)

The data are taken by holding the laser frequency constant at the
peak of the appropriate absorption line, and scanning the spectrometer

15



over the four fluorescence lines. Large slit widths, 500 or 1000u, are
typically used. Figure 2 shows a scan of the 4d-3p and 5s-3p lines
upon excitation of the 5s level. The intensities S are determined from
the area under each scan, and reduced to relative populations through

N(1) = S(1)7A;n (M)

where Aj 1s the Einstein emission coefficient for the corresponding line
(taken from the compilation by Wiese, Smith, and Miles®), and n(\) is
the spectrometer-detector efficiency at the wavelength of the line. The
population ratios so obtained are collected in Table 2.

These twelve data can then be used, in principle, with the twelve
steady-state equations as a slightly overdetermined set for the ten
unknown rates. In practice, the equations form an ill-conditioned set
due to the ability to set only upper limits for two ratios using the 3d
pump, and the two very low ratios using the 4p pump. Consequently, we
choose to use nine equations to solve for nine unknowns as ratios to the
rate of total loss from the 4p level, Q(4p), which is set equal to 1.
The results of this procedure are displayed in Table 3.

Now an important self-consistency check on the results is that the
sum of the state-to-state rates measured for each level be less than the
total loss rate measured, e.g., that

k(5s+4d) + k(5s4p) + k(55>3d) < Q(5s)

This must be true since Q(i) is the sum of the measured rates plus radia-
tive loss, possible reactive loss, and transfer to the lower-lying 4s,
3p and 3s levels. The ratios of the sum of the measured rates to the
total loss rate are given in Table 4. These values in general exhibit
the desired consistency; the ratio for the 5s level is equivalent to 1
within the uncertainties. In addition, there is a definite trend to a
lower ratio with lower energy of the level. Thus a large fraction of
the transfer out of 4d and 5s is to levels in the near vicinity, with
very little direct quenching to 3s or even 3p. On the other hand, since
upward transfer from 4p or 3d is not rapid (see Table 3), the bulk of
the loss from these levels is to 3s, 3p, 4s or by radiation or reaction.

One may thus infer that a highly excited Na atom, as in the 4d or
5s level, returns to the ground 3s state not by a single collision but
in a stepwise fashion through 4p or 3d, probably then via 3p to 3s.

This loss of energy in several smaller steps is in accord with a view of

6W. L. Wiese, M. W. Smith and B. M. Miles, Atomic Transition
Probabilities, Vol. II, p. 2, U.S. Goverrment Printing Office, 1969.
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Figure 2. Spectrometer scans, using 1000 p slits, of the laser-induced
fluorescence for (a) 5s-3p and (b) 4d-3p, following initial
excitation of 5s. The stick spectra underneath the scans

correspond to the fully resolved fine-structure components in
each line.
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TABLE 2. - POPULATION RATIOS FOR HIGHLY EXCITED STATES

LEVEL PUMPED RATIO VALUE
4d N(5s)/N(4d) 0.15
N(4p)/N(4d) 0.40
N(3d)/N(4d) 0.71
5s N(4d)/N(5s) 0.23
N(4p)/N(5s) . 0.37
N(3d)/N(5s) 0.55
4p N(4d)/N(4p) 0.022
N(5s)/N(4p) 0.008
N(3d)/N(4p) ' 0.14
3d N(4d)/N(3d) <0.013
N(5s)/N(3d) <0.038
N(4p)/N(3d) 0.13

18



TABLE 3. ENERGY TRANSFER AND TOTAL LOSS RATES FOR
HIGHLY EXCITED STATES

TOTAL LOSS
Q(4d) 3.6
Q(5s) 2.1
Q(4p) Ie?
Q(3d) 3.9

DOWNWARD TRANSFER

.32

k (4d+55s) 0

k (4d+4p) 0.38
k (4d>3d) 2.52
k (5s>4p) 0.09
k (55>3d) 0.64
k (4p>3d) 0.42

UPWARD TRANSFER**

k(5s>4d) = 5.83 k(4d>5s) 1.76
k (4p>4d) = 0.370 k(4d+4p) 0.13
k(3d+4d) = 0.120 k(4d+3d) 0.29
k (4p>5s) = 0.064 k(5s+4p) 0.006
k(3d>5s) = 0.021 k(5s>3d) 0.013
k(3d>4p) = 0.323 k(4p>3d) 0.14

* All values normalized to Q(4p) =
** Constrained by detailed balancing, at 2545°K, to ratios indicated.

The level designated 4d includes as well the nearby 4f, with a total
degeneracy of 12,

19



TABLE 4. RATIOS OF MEASURED STATE-TO-STATE RATES
TO TOTAL LOSS RATE

LEVEL RATIO
4d 0.89
Ss 1.16
4p 0.56

3d 0.11

20



the Na electronic.energy transferring into vibrational levels of the
flame gases (N2, which constitutes the majority gas, has a vibrational
spacing of 2360 cm'l). Such stepwise relaxation, with significant pop-
ulation of intermediate states, clearly has implications for the flame
chemistry, particularly where some highly excited reactive species is
formed as the nascent product in an exoergic prior reaction.

B. Transfer in and Quenching of 32P

Here we use the laser to resonantly pump, in turn each of the 32p
fine structure levels. Spectrometer scans of the resolved emission lines
yield the degree of collisional population transfer between the two levels.
With the laser operated near optical saturation of the 3s-3p transitions,
we also measure the fluorescence intensity as ‘a function of laser power.
These data are sufficient to yield the absolute transfer rate between and
individual quenching rates for the two fine structure levels.

Additionally, we measure the magnitude of the opto-acoustic pulses3
generated upon pumping each state. Following resonant excitation,
collisional transfer of electronic energy into vibrational levels of the
flame gases and ultimate conversion into translational energy forms a
pressure wave. The output of the microphone as a function of laser fre-
quency is shown in Figure 3, clearly demonstrating that this is a net
E+T process. When relatively high concentrations of Nal are used in the
aspirated solution, these pulsed sound waves are readily audible to an
observer within 1-2 meters of the burner, and listening for them is
routinely used in initial tuning of the laser to the resonance lines.
Knowledge of the absorbed laser energy per pulse, and an estimate of the
heat capacity of the flame gases, indicates that the region illuminated
by the laser undergoes a translational temperature increase of the order
of 1°K, which is in accord with the measured pressure amplitudes at the
microphone of ~ 100 mTorr. Thus the opto-acoustic pulses should perturb
neither the chemical kinetics nor the gas dynamics.

We now consider a description of the three level 3p-3s system near
optical saturation of one of the transitions. Level 1 is 325, level 2
is 32P1 5, and level 3 is 32P3/2. For the case in which the laser pumps
level 3, the steady state approximation yields for the input/output
balance to that level

BygINy + TygNy = (BgyI + Agy + Tgy + Qgp) Ny (1)

where B and A are Einstein coefficients and I is the laser intensity.

T is the 2P fine structure collisional transfer rate; by detailed
balancing Tpz = 1.98 T32 at 2545°K. Q31 is the quench rate for level 3,
and Nj is the population of level i. Level 2 has a population described,
for initial excitation to level 3, by

21
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TooNg = (Ay) + Qp + Ty3) Ny, (2)

so that the ratio Rz = N2/N3 is independent of I. The total Na population
is a constant, Ng, so that

N, = Ny - Ny - Ny (3)

to a good approximation. In addition, we need the ratio R, = N3/N2 when
level 2 is pumped; it is obtained from

TygNy = (Ag) *+ Q5 + T5y) Na. (4)

Now the fluorescence signal S3 from level 3 is proportional to
A3z1N3. Combining Equations (1), (2) and (3) yields for Sz as a function
of I

Sg @ IBygAz Ng/[(Rg + By /By o + 1)IByg + Agy + Qg + Tgy - RiToc].

It is convenient to invert this equation:

-1,
S3 [R3 + 831/B13 + 1] + [A31 + Q31 + T32 - RSTZS]/IB13' (5)

Thus, a plot of S3-1 vs. I-1 should yield a straight line. The Einstein
coefficients are related by Bij = (gj/gi)Bji, and Bji = (X3/2hc)Aji,

and Rz is separately measured. The slope-to-intercept ratios from
Equations (5), and from a similar expression for Sp-1 vs. I-1, together
with Equations (3) and (4), furnish four data from which can be extracted
the ratios of the_three unknowns T32, Q31 and Q21, to the radiative life-
time T = A31 = A31. T is known independently,® so that absolute trans-
fer and quenching rates may be obtained.

The opto-acoustic pulse signal M « Q31N3 + Q21N2 may be treated in
a similar way. For a population ratio R3 near the equilibrium value of
0.505, the equations predict a slope-to-intercept ratio from Equation
(5) of 0.67 times the slope-to-intercept ratio of a plot of M-l vs. I-1.
In a series of experiments over a wide range of Na concentration, we find
a ratio 0.65 = 0.09, confirming the predicted behavior.

In Figure 4 are shown spectrometer scans of the laser-induced

fluorescence for pumping each of the 2P levels. From such scans the
ratios R3 and Ry are obtained. The results for a series of runs at
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3R
| |
5890 5896
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37P30
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5800 5896

Figure 4. Spectrometer scans of the laser-induced fluorescence from the

32P levels, for excitation of level (3), the 2P]/z level at

5896A. The areas under these peaks are used to obtain the
ratio R3 and R2.
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several heights above the burner are listed in Table 5. It is immediately
apparent that R3 is closer to its computed thermal equilibrium value
(0.48) than is R2, whose equilibrium value is 1.98. This is a surprising
result, and we have consequently carefully eliminated systematic errors
due to self-absorption and scattered light. It suggests that Q31 > Q21,
so that the population accumulates in level 2 but not in level 3.

Figure 5 exhibits a plot of one experimental run in the form of
Equation (5). Although the signal may be measured in arbitrary units,
it is necessary to have the laser spectral power density I in absolute
units in order to extract absolute rates. The values of T32, Q31 and
Q21 obtained from the slope-to-intercept ratios and Equations (3) through
(5), are also given in Table 5 for several heights. (In this series, the
results of the S-1 vs. I-l runs at 2.0 cm are not self-consistent for
unknown reasons, and have been excluded.)

Overall errors are difficult to assess in using this technique. We
have found a systematic variation of measured quench rates with Na con-
centration at high concentration, although the runs listed in Table 5
were made at concentrations low enough that this should be no problem.
There is also some variation with overall laser power (prior to insertion
of the attenuating filter) which may be attributable to changes in the
laser gain profile with power level. This parameter is constant enough
here that we feel that the difference in experimental results between 1
and 3 cm is not an artifact of the experiment, although there remains
investigation of the behavior of a highly quenched system under conditions
of near optical saturation is needed to further establish this useful
technique. In any case, the values of R3 and Ry themselves definitely
indicate unequal quench rates in our flame.

In the experiments in which the 4p level was pumped using frequency
doubled laser radiation, a search was made for the opto-acoustic pulse
created by the collisional quenching of this state. None was found above
the background noise level, at the microphone, of 0.2 mTorr pressure
amplitude. Now in the case of the opto-acoustic pulse formed upon
exciting 3P, reasonable agreement (a factor of two) was obtained between
the measured absolute magnitude of the pressure wave, and that value
calculated from the amount of translational heating using the (measured)
laser energy absorbed per pulse.3 Applying the same calculation to the
4P excitation, a pressure wave amplitude (as measured at the microphone)
of 18 mTorr is anticipated. This surprising negative result indicates
a different net electronic-to-translational energy conversion process
at this higher energy. However, the general conclusions from Table 5
indicate that similar amounts of energy are transferred in single colli-
sions from the Na to the flame gases, regardless of level. Thus the
reason for the absence of the opto-acoustic pulses here is not a simple
efficiency varying with energy, and we cannot offer a simple explanation.
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C. Linewidth Measurements

The absorption linewidths in this atmospheric pressure flame are
caused by collisions of the electronically excited Na atoms with flame
gases (Lorentz broadening). They should be larger than linewidths calcu-
lated simply from the measured total depopulation rates Q and transfer
rate T, since the linewidth is affected by adiabatic phase-interrupting
collisions as well,

Laser-excited fluorescence 'excitation scans' - in which the obser-
vation wavelength is held fixed while the laser is scanned across the
absorption line - provide a convenient means of determining the pressure
broadened linewidths, since resolution of the order of 0.1 em~! is easily
attained with an intracavity etalon, :

Excitation scans were made here using a linewidth of 0.33 cm-1l.
Figure 6 shows the excitation spectrum for the 32P1/2 - 3281/2 transition,
with the spectrometer set to detect the collision-induced 32P3/2 = 32P1/2
emission (which directly tracks the amount of light absorbed and elim-
inates possible detection of scattered laser light). The data are fitted
to a Lorentzian and the fit indicated in the figure. This run, as well
as the others reported here, was carried -out under conditions of low Na
density and at a laser power below optical saturation.

It was necessary to consider the convolution of the laser linewidth
with the absorption Lorentzian to obtain the collision width’. This does
not significantly affect the 3P results (where Avigy ™ 5AvV]agser) but is
important for the 4D and 55 levels, and is responsible for the large
error limits there. The width of the 4p level was consistent with the
laser linewidth itself, which is 0.66 cm-l in the ultraviolet. Also,
the 3d excitation was too weak to yield a reliable linewidth. The results
of these linewidth measurements at a height of 1 cm are collected in
Table 6.

The measured linewidth of the 32P3/2 level is greater than that of
32P1/2, well outside experimental error. This result implies that the
overall collision rate for the 32P3/2 level is larger than for the 32P1/2
level. Similarly, the quench rate Qz] has been shown in the preceding
section to be substantially larger than Q21. The problems discussed
above in determining the absolute quench rstes prohibit a direct com-
parison with the measured linewidth; however, these corresponding
inequalities are certainly striking, although difficult to interpret.

7H. G. Kuhn, Atomic Spectra, ond edition, p. 416, Academic Press, 1969.
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TABLE 6. LINEWIDTH MEASUREMENTS

CORRESPONDING
LINEWIDTH COLLISION RATE,
LEVEL (FWHM) cm~1 nsec-l
3°p 1.08 + 0.02 102 + 2
3/2 +08 £ 0. *
3%p 0.85 * 0.02 80 + 2
1/2 BEs £ (O :
2 .
4°p 0.12 + .03 11+ 3
525 0.07 + .03 753
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D. Sodium-Lithium Transfer

In this brief, and predominantly qualitative, series of experiments,
the flame is seeded with an equimolar mixture of Na and Li. The laser
is tuned to the Na 3p-3s transition and fluorescence is observed from
both Na and from the Li 2p-2s transition. However, when the laser is
tuned to the Li 2p-2s absorption, only a very small amount of emission

can be observed from Na 3p-3s compared with that in the directly pumped
Li.

Now the Na 3p level lies 2060 cm_1 higher than the Li 2p level.
Were the transfer to occur in a direct manner

Na* + Li = Li* + Na

Hd

detailed balancing predicts a ratio of Na emission to Li emission, for
the Li-excited run, of well over ten times the observed value. Moreover,
the alkali number densities are so low (~ 1011 em-3) that the Na-Li
encounter rate is much less than the quench rate with the flame gases.

These results suggest, then, a net E>V»E transfer process with
intermediate vibrational relaxation within the flame gases. The Na 3p
electronic energy is removed by collisions with the flame gases (E>V).
These molecules undergo some vibrational relaxation before encountering
a Li atom, but still retain sufficient energy to significantly populate
its 2p level (V=E). However, a similar degree of relaxation following
deposition of the Li 2p electronic energy into the flame gases leaves
too large an energy defect to appreciably populate Na 3p.

A similar mechanism has been invoked previously to explain Na to
Cs excitation transfer in a bath of H2 (at pressures of 0 to 50 torr),
and to extract Hp vibrational relaxation rates8. The use of a shorter
laser pulse duration in the flame experiments may provide direct measure-
nent relaxation times for vibrational energy in the flame medium.

ITII. DISCUSSION

We again note that our flame is not itself carefully enough charac-
terized that one should draw detailed conclusions from the numerical
results quoted. However, it is clear that the definite statements made
in the earlier sections, concerning the general means by which energy is
transferred throughout the network of Na energy levels, and the degree
of equilibrium attained in these transfer processes, are valid.

8D. A. Jennings, W. Braun and H. P. Broida, "Vibrational Relaxation of

Hydrogen by Direct Detection of Electronic and Vibrational Energy
Transfer with Alkali Metals" , J. Chem Phys. 59, 4305-4308 (1973).
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We briefly considexr a comparison of our results with those of others
in somewhat different experiments. Gallagher, Cooke and Edelstein? have
used two-step pumping of Na 5s to obtain a few of the rates listed in
Table 3 in collisions with N at low pressure; we would expect some
correspondence since our gases are largely Np. It should be noted that
they neglect the 4s level, as do we, and the 4d level as well as other
upward transfer, which is less important in their room temperature
experiment. Their Q(5s)/Q(4p) = 2.0 compares unfavorably with our
equivalent [Q(5s) - k(5s+4d)]/Q(4p) = 0.34. However, the sum of their
measured downward rates out of the 5s and 4p levels compares reasonably
to our own (5s: 0.49 vs. 0.34; 4p: 0.44 vs. 0.42).

The possibility of differing quench rates for the two Na 32P com-
ponents has to our knowledge received no direct investigation. For the
corresponding level in Rb, the quench rates are the same for a number
of gaseslO, For Cs-Ny collisions, they are the same but the 2P3/2 quench
rate is nearly a factor of two larger than that for 2P1/2 for Cs-Hp.1l

Smith, Winefordner and OmenettolZ have also investigated laser-
excited fluorescence in Na 3p near optical saturation in an acetylene-
air flame, for establishing detectability criteria for flame photometric
measurements. They quote ratios corresponding to our R3 of ™ 0.43 and
for R of ™ 1.6, which appears more consistent with equal quench rates.
We do not understand the discrepancy.

Muller, Schofield and Steinberg13 have found that the increase in
net concentration of Na 3p under conditions of strong laser pumping leads
to a net reactive loss of Na in an Hy/02/Ny flame during the laser pulse.

or. F. Gallagher, W. E. Cooke and S. A. Edelstzin, "Collisional

Deactivation of the 5s and 4p States of Nc by N2", Phys. Rev. 17, 125-
131 (1978).
JOI. N. Stara and L. Krause, "Inelastic Collisions Between Excited
Alkali Atoms and Molecules. VIII. 62P7/9 - 52P3/2 Mizing and Quenching
in Mixtures of Rubidium with Hg, HD, Dg, N2, “H4, and CD4", 257-265
(1973).
llD. A. MeGillis and L. Krause, "Inelastic Collisions Between Excited
Alkali Atoms and Molecules. I. Sensitized Fluorescence and Quenching
in Cs-Ng and Cs-Hg Systems", Can. J. Phys. 46, 1051-1057 (1968).
123. Smith, J. D. Winefordner, and N. J. Omenettc, "Atomic Fluorescence
of Sodium Under Continuous-Wave Laser Excitation'', Appl. Phys. 48,
2676-2680 (1977).

130. H. Muller, III, K. Schofield, and M. Steinberg, "Laser-Induced

Reactions of Sodium in Flames', American Chemical Society Meeting,
Anaheim, CA, March 1978.
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Although important for considerations of the Na concentration throughout
their flame, the reaction rates are much lower than our overall measured
quench rates (assuming reasonable concentrations of H2 and H20 in our
flame) and should not affect our results.

We compare our measured quench rates of v 1-3 nse(:_1 for the 3p
level with those calculated from bimolecular cross sections for the 3p
doublet as a whole, obtained in a CH4 flame.l4 The calculated result
is 2.8 nsec-l, suggesting that the measured quench rates are of the
correct order of magnitude.

The conclusions and implications of these experiments, as they
concern actual combustion processes, have already been described in the
introduction and within the main body of the results. Finally, we note
in addition that one can employ many modifications of this general tech-
nique of laser excitation of species in order to produce non-equilibrium
populations within a flame. One possibility is direct pumping of reac-
tants, using lasers in the infrared (for vibrational excitation) or
visible/ultraviolet (for electronic excitation), together with a spec-
torscopic probing of the chemical consequences of such perturbations.
This may be the most direct method to examine the effects of departures
from thermal equilibrium on combustion chemistry.

4y, p. Hooymayers and C. Th. J. Alkemade, "Quenching of Excited
Alkali Atoms and Related Effects in Flames. Part II. Measurements
and Discussions", J. Quant. Spect. Radiat. Transfer 6, 847-874 (1966).
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