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Final-state distribution for Na(3' )+Na(3PJ ) =Na( nLJ-) + Na(3Si zz)
collisional excitation transfer
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%e report the ratio of rate coefficients for the excitation-transfer reaction Na(3'�)
+Na(3' )~Na(nLJ-) + Na(35l/2), which has sometimes been labeled energy pooling, measured

in a cell at T=640 K. Rate-coefficient ratios are given for nLJ- ——4D3/2 4D5/g 4E5/2 4I'"7/2 and

5Sl/q, each for J=J'=1/2 and 3/2. We also report the nLJ- ratios when the 3P states are popu-

lated in nearly statistical ratios; these are related to the rate coefficients when J= 1/2 and J' =3/2.

I. INTRODUCTION

The excitation-transfer process in which a collision be-
tween two sodium atoms excited to the 3P state results in
formation of a highly excited atom and a ground-state
atom has been known for some time. ' The absolute rate
coefficient for the excitation transfer to 4D and 5S states
has been measured in several laboratories, 2 and relative
good agreeinent (-30%}exists between two of the more
recent measurements. ' This type of excitation-transfer
process has also been observed, ' measured, " and cal-
culated' for other alkali metals. None of the measure-
ments made with sodium have taken into account the
dependence on the I values of the 3P reactants, nor do
they determine the product state's J value. Only Refs. 6
and 13 consider excitation transfer to other states adjacent
in energy to the 4D and 5S states. Here we report relative
measurements of the rate coefficients for producing the
energetically nearby 5Si~2, 4Ds~i, 4Ds~2, 4F»z, and

Na(3')+Na(3' ) = Na(nLs-)+Na(3Sin) (1)

This process is sometimes described as a pooling of ener-

gy
' among the colliding species, but it is a form of

atom-atom electronic energy transfer and can be described
in the same manner as the more familiar A '+B
~A+8' and A+B'~A +B processes. For thermal
(slow} collisions the interaction between the atoms is well
characterized by the molecular adiabatic potentials, with
nonadiabatic energy transfer generally occurring at
"avoided crossings. "' ' In particular, process (1) is best
described in terms of the formation of an excited diatomic
molecule Nai' and its subsequent dissociation into
excited- and ground-state atoms, as described in Refs.
16—19 and 13 (see Fig. 1).

4F7&2 states from the different combinations of
Na(3PJ ) + Na(3' ) collisions (see Figs. 1 and 2).

The process can be represented as
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FIG. 1. Diagrammatic representation of the potentials for
Naq states in the region of interest for these experiments.
Shown here are a few of the dozens of potentials, due to fine
structure, and two representative adiabatic level crossings.
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FIG. 2. Pumping, cascade branching, and detection scheme
for steps (1) and (2). For step (3) only 4D-3P light was detected.
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We believe that the detailed set of rate coefficients re-

ported here provide a very stringent test of theories, such
as those of Kowalczyk' ' and Henriet et al. ' for the
shape and crossing parameters of potential curves of the
Na2 system. These rate coefficients are also relevant to
pumping mechanisms for ir laser transitions between

highly excited states of sodium, ' ' and may be useful in
studies of multistep ionization processes in excited sodium
vapor 22 27

The method we used to measure the rate-coefficient ra-
tios was to optically excite sodium atoms in a cell to one
of the Na(3') states and measure fiuorescence intensities
from the nLz- states that are produced by reaction (1) (see
Fig. 2). In order to minimize secondary processes such as
multiphoton ionization, electron collisions, and other
higher-order processes''2 ' ' a relatively diffuse ( —1

cm diameter), weak (-50 mW) cw laser beam was used.
In order to obtain good signal-to-noise levels the cell was
operated at relatively high sodium densities, and therefore
with high resonance-line optical depth. The resulting
resonance-line radiation trapping improved the signal lev-
el due to the longer effective lifetime of the 3P state,
which increased the population of Na(3P). When proper-
ly accounted for, the effects of this radiation trapping
cause no significant systematic errors. We avoided some
of the common difficulties of using optically thick vapor
by measuring fiuorescence-intensity ratios, which elim-
inated the dependence of our results on the spatial distri-
bution of Na(3P) atoms. The radiation trapping also
serves to scramble the polarization of the exciting laser
light (by repeated absorptions and reemissions) so that
there is no MJ-level selectivity.

II. THE EXPERIMENT

The experiment was carried out in a cell (see Fig. 3)
consisting of a 5-cm cube of stainless steel drilled out to
make a cross and vacuum sealed with metal 0 rings to
sapphire windows. Sapphire rods were inserted along
one axis of the cross to limit the excitation to a 6.3-mm-

deep viewable region. Apertures were placed on both
sides of the rods to minimize collection of scattered light
from, and the broadband fluorescence of, the rods. As the
rods have a 12.5 mm diameter, this produces an approxi-
mation to an infinite slab giximetry between the rods (see
Fig. 3). The cell was contained in a firebrick oven with
quartz windows to maintain a uniform temperature of
—640 K. The sodium density [Na] was controlled
separately by adjusting the teinperature of a sidearm
within the range 470—570 K. Although the accuracy of
the experiment does not depend critically on sodium den-
sity, we used and reconfirmed the vapor-pressure results
of Huennekens. 3

The 5S and 4D states branch ——', into visible transi-
tions (616 and 578 nm —see Fig. 2) which can be detected
by our photomultiplier, but the 4F state decays exclusive-
ly to the 3D state with 1.8-pm radiation. Only the 5S,
4D, and 4F states are expected to be significantly popu-
lated by process (1), and the 5S and 4D states branch less
than 1% into 3D, whereas the 4I' state radiates 1009o to
3D. Thus, by detecting the 3D~3P fluorescence at
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FIG. 3. Experimental setup. For steps (1) and (3), the
nL ~3' detection was by a 3/4-meter double monochromator
and PMT, and laser no. 2 was not used. For step {2), the 4D
fluorescence detection was through three interference filters
(A, ~5685) to a PMT. All lenses were achromatic.

-820 nm and correcting for the slight contribution from
the 5S and 4D states, the excitation transfer [Eq. (1)] to
the 4F state is determined from the 3D fluorescence. The
measured ratio of intensities from the 5S, 4D, and 3D
fluorescence then yields ratios of rate coefficients. As al-
ready noted, we do not expect significant amounts of
direct energy transfer to the 3D state by process (1), but if
this occurs it is included in the rate coefficient we report
for the 4F state.

Under our weak cw-excitation conditions, the fluores-
cence from the 5S, 4D, and 3D states is a factor of
10 —10 weaker than the resonance-line fluorescence.
Consequently, we used a 3/4-meter, double-grating mono-
chromator with a red-sensitive photomultiplier to observe
these fluorescences. The relative spectral sensitivity of the
combination of light collection optics, monochromator,
and photomultiplier tube (PMT) was calibrated by il-
luminating a white barium-sulfate-painted surface before
and after the cell (testing for A, -dependent attenuation)
with a calibrated tungsten iodide lamp. Since the lamp
has a continuous spectrum and atomic lines are mono-
chromatic, it is necessary to use the lamp intensity per
wavelength interval and to multiply the observed experi-
mental signal by the monochromator dispersion per unit
wavelength interval at each wavelength (normally this is a
minor correction). Achromatic lenses were used between
the cell and monochromator to avoid introducing wave-
length dependences to the imaging of the cell onto the
monochromator. The spatial distribution of excited
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atoms in the cell extended over a larger region than the
spectrometer slit image, so that any slight residual imag-
ing variations would not cause error.

The nLJ- fine structure is below our spectral resolution,
but each J" state branches differently to the 3Pi/z and
3P3/2 states, and these two transitions are easily resolved
by the monochromator. Therefore, we separately mea-
sured each nL ~3P/ transition, and from the intensity ra-
tios we determined the J dependence of the k~ „. In the

case of nLJ 5Si——/2, the intensity ratio must be 2:1, and
provides an experimental check. Thus, spontaneous emis-
sion intensities of the 5S to 3Pi/2 and 3P3/i transitions
(6161 and 6154 A), the 4D to 3Pi/2 and 3P3/i transitions
(5688 and 5686 A), and the 3D to 3P»2 and 3P3/i transi-
tions (8183 and 8195 A) were measured.

Fifteen different k„i „(J,J'}are of interest here: the in-

itial state ( J,J'} combinations of (1/2, 1/2), (1/2, 3/2), and
(3/2, 3/2), and the final states nLJ- 5Si/i, 4——D3/2 4D5/i,
4F5/i, and 4F7/q. The measurements of the ratios of
these k values were done in three parts.

(1) First, at sufficiently low sodium densities, such that
only the optically excited 3P/ state was significantly pop-
ulated, we measured the ratios of 5S,/2, 4'-, and 3DJ-
fluorescence intensities with only 3Pi/z or only 3P3/i ex-
cited. Thus, we obtained the five values of k„L „(1/2,1/2)

relative to each other and the five values of k„L, „(3/2,3/2)

relative to each other.
(2) In the second part of the experiment, also at a rela-

tively low [Na], we measured the ratio of Na(4D) fiuores-
cence intensity due to Na(3Pi/2) + Na(3Pi/z) collisions
versus that due to Na(3P3/2) + Na(3P3/i) collisions.
Here it was necessary to know the relative density of
Na(3Pi/z), when it was the only Na(3P) species, versus
the density of Na(3P3/i), when it was the only Na(3P)
species. These densities resulted from optical excitation
along with radiation diffusion, and we used Holstein's
theory of radiation diffusion ' to calculate their ratio.
This density ratio was also confirmed by measuring the
4D~3P fluorescence produced by absorbing light from a
second cw laser tuned to 3P~4D. Combining this result
with that from part (1) yields the ratios of ten relative rate
coefficients corresponding to J=J'= 1/2 or 3/2.

(3) In the third part of the experiment, the Na density
was raised until Na(3P3/2 ) + Na(3$)~Na(3Pi/i )

+Na(3S) excitation-transfer collisions produced a nearly
equilibrated mixture of 3P/-state population. Under
these circumstances, ——, of the Na(3P}+ Na(3P} col-
lisions are between one atom in the 3P&&2 and one in the
3Pi/2 state. The four independent ratios of fluorescence
intensity from the 5Si/2, 4D3/25/2 and 3D3/25/2 states
have been measured under these conditions, providing
four constraints on the five k„L „(1/2,3/2) relative to the

set of ten k values from parts (1) and (2), i.e., the
k~ „(1/2,3/2) are underdetermined by one parameter.

Complete determination of the k„L,„(1/2,3/2) could be

done by measuring the four fluorescence-intensity ratios
with sufficient accuracy for several ratios of
[Na(3Pi/2)]/[Na(3P3/2)] also determined with great ac-
curacy, but this was not done here, so we have incom-

pletely determined the k~ „(1/2,3/2) ratios in this experi-

ment.
The three experimental steps and their results will now

be described in detail.

A. k~ „{1/2,1/2) and k„L, „(3/2,3/2) data

In this part of the experiment, the density of sodium in
the cell was maintained at 2.8)& 10', 6.4)& 10'2, or
1.6X10' cm, and the atoms were excited from the
ground state (3S»2) to either the 3Pi/2 or 3P3/2 state by
radiation from a cw dye laser tuned to the wing of the res-
onance line. The resonance-line absorption cross section
is -5)&10 ' cm for 3$~3P3/i and -2.5X10 'i cm2
for 3$~3Pi/2, and the cell width is 0.63 cm so that the
sodium vapor is optically thick at these densities. Pho-
tons emitted spontaneously from the Na(3P) atoms are
reabsorbed by ground-state atoms and subsequently re-
emitted and reabsorbed many times before they can escape
from the cell. ' This lowers the effective radiative decay
rate I" ' below the natural rate I z. However, at the
densities used in this part of the experiment, the col-
lisional excitation-transfer rate for 3P i /i~3P3/i was
much smaller than I" ', so that the excited-state popula-
tion created was essentially pure 3P&~2 or 3P3/g.

The energy-transfer process (1) was monitored by ob-
serving fluorescence from the 5$, 4D, and 3D states using
a 3/4-meter double monochromator and a GaAs cathode
photomultiplier (see Fig. 3}. The density of atoms in the
nl.q- state, integrated over the observed volume, is pro-
portional to [Na(3')], integrated over the same volume.
Thus, the absolute magnitude of the fluorescent intensity
is very sensitive to the magnitude and distribution of
[Na(3')]. However, since all of the nLJ- states pro-
duced by process (1) have fluorescence intensities with the
same dependence on [Na(3P/)], the ratios of these inten-
sities are therefore independent of [Na(3')] . Thus, in
the data analysis, only intensity ratios are used.

The ratio of 5S~3P3/2 to 5S~3Pi/i fluorescence sig-
nals should be exactly 2 and this was observed within an
experimental uncertainty of +3%. To test for systematic
effects such as Na(3') velocity selection, monochroma-
tor leakage of the much stronger resonance radiation, and
trapping of the nLJ-~3P light by Na(3P) atoms, and to
verify that the nLJ intensity ratios are independent of
Na(3P) distribution, we measured the fluorescence ratios
for a range of laser detunings and powers and the three
sodium densities. The nLJ- fluorescence signal ratio data
from this part of the experiment are given in Fig. 4 (open
and closed circles) as a function of the square root of the
5$ +3P3/i signal (wh—ich is proportional to [Na(3P)]).
Here, the typical uncertainty in individual ratio measure-
ments is -8%, and the standard deviation in the mean of
all the step-(1) data in Fig. 4 is less than 4% for each sig-
nal ratio. The constancy of the observed signal versus
[Na(3P)] gives confidence in the absence of systematic er-
rors, such as due to radiation trapping of nL/~3P radia-
tion.
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FIG. 4. Signal ratios for the indicated lines divided by the
signal for 5S~3P3/2 vs the square root of the 5S~3P3/2 signal
(P') which is proportional to the Na(3P) density. Lines are fits
to the data. Part-(1) measurements with Na(3P~/2) pumping (~ )

and Na(3P3/2) pumping (0 ). Part-(3) measurements with

Na(3P&/&) pumping (+) and Na(3P3/~) pumping (X). The
horizontal scale should be multiplied by 10 in the latter case. To
convert these signal ratios to photons/s or I' ratios, multiply by
1.12 and 9.93, for 4D and 3D, respectively.

B. kepi(3/2, 3/2)/kc~(1/2, 1/2) data

In this part of the experiment, we excited Na(3Pi/2) or
Na(3P3/2) and in each case detected the total 4D~3P
fluorescence. In order to obtain the ratio of k4D(3/2, 3/2)
to k4D(l/2, 1/2) from the ratio of these two 4D~3P
fluorescence intensities, we need the ratio of [Na(3Pi/2)]
for Dl pumping versus [Na(3Pi/2)] with D2 pumping.
The absorption coefficient for Na(3Si/2)~Na(3PC/2)
(Dl-line) and Na(3S, /2)~Na(3P3/2) (D2-line) resonance
radiation differs by a factor of 2, and at the densities used
here, the fundamental mode I" ' also differs by nearly a
factor of 2 (Refs. 29 and 31}(this is a Doppler line-shape
density region of Holstein's theory). Since the amount of
D-line light trapping is different for the two different
(3Pi/2- and 3P3/2 state) cases, ' we must consider the
possibility that the distribution of Na(3P) atoms may also
be different. To minimize any such differences, a Na den-

sity where both lines are highly trapped was used. Under
those conditions, both [Na(3PJ)] are predominantly in
fundamental-mode spatial distributions, which is the same
for both I states. Then, as the ratio of the I" ' is 2.0, the
fundamental mode [Na(3P3/2)] from D2-line excitation
will be two times the fundamental mode [Na(3Pi/2)]
from Dl-line excitation if the same power is absorbed into
the fundamental mode in both cases. Similarly, high-
order modes will have the same shape as well as the same
fractional contributions to the total density in both cases
if they are excited equally. To obtain this equivaleutly
shaped excitation for both Na(3Pi/z) and Na(3P3/2), we

detuned the laser so that only 10—40% of the beam was
absorbed, and the excitation was nearly uniform across
the 6-mm gap between the sapphire rods.

A second laser (laser No. 2 in Fig. 3}, tuned to
3P~~4DJ-, was used to verify that the assumption that
the [Na(3PJ )] were proportional to absorbed power divid-
ed by the fundamental mode I" '. In order to illuminate
the vapor uniformly and with low power, this second laser
beam was expanded to a diameter of -200 mm with the
central portion, —12 mm, entering the cell. We then
compared the 4DJ-~3P fluorescence resulting from this
two-step (3S~3PJ~4DJ-) optical excitation to the
power absorbed from laser No. 1. As expected, this
fiuorescence was directly proportional to the power ab-
sorbed divided by I" ' for each J, and the ratio of
fluorescence, [Na(3P3/2}] versus [Na(3P, /2)], was 2.0
when the same laser No. 1 power was absorbed to excite
each 3PJ state. Also, this was done with different diame-
ters (0.5—1.0 cm) of the laser No. 1 beam to confirm that
geometric effe:ts in the transverse direction (i.e., deviation
from infinite-slab geometry) had no effect on this ratio of
Na( 3P3/2 ) to Na(3 Pi/2 ) densities. The uncertainties in
these various measurements were a few percent, as the
two-step fluorescence signals are quite large.

Since the sodium density and power absorbed were fair-
ly small and since process (1} depends quadratically on
Na(3P) density, the Na(4D) fluorescence due to energy-
transfer collisions was very weak in this part of the exper-
iment. In order to get higher light-collection efficiency
with sufficient resonance-fluorescence rejection, we
detected the 4D~3P fluorescence through three interfer-
ence filters (in series, variously tilted to prevent multiple
reflections). The residual leakage of the D-line fluores-
cence I3P—which was —10' times stronger than the
4D~3P fluorescence I4D—was then negligible. We con-
firmed this by varying the power of the exciting laser
light, using calibrated neutral-density filters; within
-10% uncertainty ICD/(IiP) was independent of laser
power.

The 4D +3P fluorescen—ce signal was measured for a
factor-of-4 range in absorbed power (a factor of 16 in ICD)
for both Na(3PC~2) and Na(3P3/i) pumping. The mea-
sured l4D/(P, b, ) ratio did not vary systematically with

P,b, for either Na(3Pi/z) or Na(3P3/i) excitation. The
ratio 14D/(P, t ) for Na(3Pi/2) versus Na(3P3/2) pump-
ing fluctuated with a standard deviation of —15% about
a mean value of 2.76, and the standard deviation in the
mean of 42 measurements was +2.5%. The average value
of 2.76 is the ratio

g k4D „(1/2, 1/2) g k4D „(3/2, 3/2) .

C. k„L, „(1/2,3/2) data

In the third part of the experiment, we raised the sodi-
um density to -3& IO' cm . At these high Na densi-
ties the 3P»2~3Pi/2 excitation-transfer rate due to col-
lisions with ground-state atoms is faster than I" ' for
both 3Pi/2 and 3P3/2 states, and [Na(3P3/2)]/
[Na(3P 1/z )] approaches the thermodynamic ratio of
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2 exp(&F /kT) = 1.92 regardless of which state was initial-

ly populated. i At the actual densities we used, the
[3P3/2]/[total 3P] ratio was 60% when pumping 3P&/2,
and 69% when pumping 3P5/2, rather than the thermo-
dynamic ratio of 66%. When the excited atoms are so
mixed, about —,

' of the Na(3P) + Na(3P} collisions occur
between Na(3Pi/2) and Na(3Pi/z), about —', between

Na(3Pi/2) and Na(3P5/z), and about —', between

Na(3P5/2) and Na(3P3/i). Thus, the data from this part
of the experiment contain k~ „(1/2,3/2), as well as

k~ „(1/2,1/2) and k~ „(3/2,3/2).
The results of these measurements are shown in Fig. 4

( X and + ), with the horizontal scale increased by a fac-
tor of 10 from that shown for step (1) since I" ' is now
much smaller and therefore [Na(3P)] and the excitation-
transfer signals are much larger. The data in Fig. 4
should be independent of [Na(3P)] or the horizantal posi-
tion, but they exhibit some slope. These data are analyzed
in Sec. III, and the anomalous slape is discussed in Sec.
IV.

As noted previausly, the values of the five

k~, (1/2, 3/2) relative to k„L ~ „,(3/2, 3/2) are underdeter-

mined by the data, and we would need accurate fluores-
cence ratios over a range of different ratias of
[Na(3P3/2)]/[Na(3Pi/2)] to determine them. However,
as we discuss in the next section, the data put strong con-
straints on the ratios k„L „(1/2,3/2)/k55(3/2, 3/2).

III. DATA ANALYSIS

+Cia) + g kip (J,J')nip n5p
J,J*

3gp 0 5i) I 3g) + p I (4F /2 3D5/p )

(3)

+n4p I (4F /2 3D5/2 ) +C3D

+ g k,~„,(J,J'} ,n, 3p, ,n (4)
J',J

The C~,'s in Eqs. (2}—(4) represent radiative cascades
from higher-energy states that may also be populated by
Na(3P) + Na(3P) collisions (see Fig. 2). The states
(5Si/2, 4'-, or 4FJ-) studied in this work are those lying
closest in energy ( —630 cm ', see Fig. 2) to
Na(3P~) + Na(3'-) and we expect much larger rate coef-
ficients for populating these states as compared to other

Steady-state rate equations far the states involved in
this experiment can be expressed as follows, for an arbi-
trary point in the cell:

ri~ „=0= n~ „—I"„t,+ g k~ „(J,J')nip nip+C~,
J,J'

(2)

where n~ is the local density of Na(nL/), I'„L is the to-
tal radiative decay rate for the nLz state, and
nLJ- ——4D3&2, 4D5&2, 5S&~2, 4F5/2, or 4F»2. The cascade
radiation from the 3D/ states, used to determine the
4'--state rate coefficients, obeys the following equations:

=0= —nits I 5ti+ngp I'(4F5/2-3D5/2)

states that are much further away. The next-nearest state
for which exothermic excitation transfer can occur is 4P,
which is separated by -3700 cm ' from 2E(3P)—thus,
we expect the 4P state to be populated almost entirely by
cascade from Na(4D) and Na(SS). The 3D state is
-4800 cm ' below Na(3P) + Na(3P), and we expect the
3D state to be populated almost entirely by cascade from
Na(4F), since 100% of 4F cascades to 3D, but & 1% of
the 4D and 5S population radiates to 3D. Cascading
from 4P to 3D is also negligible because Na(4P} is weakly
populated and only 1.7%%uo of 4P cascades to 3D. Cascades
from 5P are also negligible because only 0.2% radiates to
3D.

Among the states with energies above Na(3PJ )

+Na(3'�) that can cascade ta 5S, 4D, and 4F, the
closest are 5P and 6S at ~F-'„I ——1106 and 2437 cm
respectively. At our cell temperature of 640 K,
kT/bc=445 cm ', and for these activation energies
(2L + 1)exp( —EE/kT) =0.25 for the 5P state, and
4.2X10 for the 6S state, compared to 6.3 for the 4D
state. This gives us an upper limit of -4% and -0.1%
for the expected size, relative to that of the 4D state, of
the rate coefficients for populating these states. Shvegzh-
da et al. 6 have measured the rate coefficients for produc-
ing 5S, 4D, 5P, 6S, and higher states from an equilibrated
mixture of Na(3Pi/2) and Na(3P3/i) at a temperature
similar to ours. The ratio of their 5P and 6S to 4D rate
coefficients is k5p/k~n ——0.036 and k65/k4~ ——1.1X10
while higher states are less populated. This fits well with
the above expectation based on activation energy. Since
the 5P state branches —10%%uo to 5S and -2% to 4D, it
produces a cascade contribution to the 5S state that is
only -2% of the direct production, and this ratio is
«1% for the 4D state. Since k6s is so small, the 6S
state produces a negligible cascading. From the activation
energy argument, higher-lying states are also a negligible
source of 4D, SS, and 4F population. Thus, we can elim-
inate the C~ „ from Eq. (2} for nL =4D, 5S, and 4F.

We can also neglect the C&z& „which are due to cas-

cades from the 5S, 5P, and 4D states (plus some of those
already noted as negligible above) in Eqs. (3) and (4) as the
5S~4P~3D, the 5P~3D, and the 4D~4P~3D
branchings are all less than 1% (see Fig. 2), and contri-
bute a very small fraction of the observed 3D fluores-
cence. Therefore, all the cascade terms C in Eqs. (3) and
(4} will be dropped. We will also assume negligible direct
transfer to the 3D states by process (1), and drop this terin
froin Eqs. (3) and (4). This assumption is discussed fur-
ther in Sec. IV.

&e have not included in the analysis any mixing of the
nI.J- states due to collisions with ground-state atoms be-
fore radiative decay. At the highest Na densities of our
experiment, the rate coefficient for mixing would have to
be & 10 cm /s to yield even 1% mixing before radiative
decay. This rate coefficient is —10 larger than typical
excited-state mixing rate coefficients, so that we assume
any such collisional mixing is negligible. Also, if such
mixing were occurring, the data from the first step of the
experiment would have shown a systematic trend versus
[Na], which was not observed. Thus, we can consider any
nLq--state population, except Na(3DJ-) which is popu-
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lated entirely by cascade from Na(4F/-), to be entirely due
to the direct excitation-transfer reaction (1}.

Defining ~ =n3p n3p, and dropping the C terms we

can rewrite Eq. (2) as

tial coordinates is M (J,J ), and this is the same for all
nLJ ~ states [Eqs. (2)—(7)]. Thus, the volume integrals of

cancel when intensity ratios are taken. The detected
photon flux is given by

n„i „I~——'gk„L „(J,J'~ (J,J') .
J,J'

(5) dQF(nLJ n'L-J )=I (nLJ n'L-j ) n„L dV,
4m

Putting Eq. (5) for the 4F states into Eqs. (3) and (4)
yields

n3D —I 3D I 4p g k F,(JJ')M (J,J')f (4F3/2-3D3/2 )
J,J'

n323 =I 3D I 4p g k4F (J&J'~ (J&J')I (4F3/2-3D3/2)
J,J'

+ g k4P, /2(J& J')M (J&J')I (4'/2-3D3/2) .
J,J'

In the first and third parts of the experiment, we used
the ratio of detected signals, which all have the same
dependence on ~ (J,J') in Eqs. (5)—(7). The measured
intensities were obtained by dividing the signal by the in-
strument sensitivity, and the photon fluxes F were ob-
tained by dividing the intensities by Iiv for each detected
transition. Because we image a volume within the cell,
and Eqs. (5)—(7) predict the [Na(nLz-)] at a point, these
equations must be integrated over the volume imaged, but
the only term in the integrand which is dependent on spa-

F(nDJ-3P3/2)
F( 5S-3P3/2 )

r(nD, -3P3/2) f n„D,d V

I'( 5S-3P3/2 )f n 3sd V

for J =3/2, 5/2 and n =3,4 (9)

F( nD3/2-3P ) /2 )

F(5S-3P3/2 )

f'( nD3/2-3P i /2 )f n 23 d V

I (5S-3P3/2) fnssdV

for n =3,4, (10)

where the n„L are given in Eqs. (5)—(7). Since we did not

resolve the fine-structure state of the 4D and 3D levels,
we add the expressions in Eq. (9) for J=3/2 and J=5/2
to obtain

where dQ/4m is the fraction of emitted light collected
into the solid angle defined by our detection optics. The
ratio of the detected flux signals is

F(nD 3P3/2)

F(5S-3P3/2)

I'(nD3/2-3P3/2) fn„D, d V+ I (nD3/2-3P3/2) f n„D, ,d V

I (5S-3P3/2) fn3sdV
for n =3,4 .

From Eqs. (5)—(7), in Eqs. (10) and (11),we obtain two sets of linear equations:
r

i/2) 8(4 3/2 3P1/2) k4D, , (J,J')
F(5S-3P3/2 ) 8 (5S-3P3/2 ) kss(J&J )

F(4D-3P3/2) 8(4D3/2 3P3/2) 8(4D5/2 3P3/2) k4D (J&J )

F(5S-3P3/2) 8(5S-3P3/2) 8(5S-3P3/2) k (J J&)

(12)

and

F(3D-3P i/2 )

F( 5S-3P3/2 )

F( 3D -3P3/2 )

F( 5S-3P3/2 )

8 (4F3/2-3D3/2)8 (3D3/2 3P i/2)

8 (5S-3P3/2)

8 (4F3/2-3D3/2 }8(3D3/2-3P3/2 ) +8 (4F3/2-3D3/2 )

8 (5S-3P3/2 )

1

8 ( 5S-3P3/2 )

k4F, , (J,J')

kqF, (J,J')

kss(J J )

(13)

where the branching fractions 8 are

I (nLJ n'Lg}-
8(nLJ n'LJ )=-

~nL

These equations can be inverted to relate the measured
flux ratios F(nD-3')/F(5S 3P/) to the desired r-atios of
rate coefficients. The values of the branching factors
8(nL~ n'L/ ) obtained from -Ref. 33 and sum rules are
given in Table I.

In the first experimental step, where only 3Pi/2 or
3P3/2 was excited (see Sec. II A), Eqs. (12) and (13) yield
k„i „(J,J)/kis(J, J) for J= 1/2 or 3/2. The data were

also analyzed with the inclusion of the cascade terms
C„L from Eqs. (3} and (4), and it was found that their
contribution was indeed negligible (less than or approxi-
mately equal to 1% for all but k4F, where 4D and 5S
cascading to 3D had -5% effect). The results of the
data analysis from step (1) are given in Table II. Note
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n'L'J B(nLJ-n'L'J )

TABI.E I. Branching fractions used in this work. ' R4p(3/2 3/2)

R4p(1/2, 1/2)

k (3/2, 3/2) f~'(3/2, 3/2)d V

k4p(1/» I/2) fM (1/2, 1/2)dV

4Dg~
4Dg/p

4Dsn
3Dg/p

3D&/z

3Dsn
4Fsn
4Fs/2
4F7//g

5Si/g
5Si/g
5P~rz
5PI/g

g 4PJ
J
g 5p/
J

3Pg//g

3PI/P
3Pg/p

3Pp~
3PI/P
3P3/g
3Dsn
3D~n
3Dsn
3Pg/rg

3Pi/g
5S&/g

5SI/g

g 3D/
Jt

g 4DJ

0.11
0.55
0.66
0.17
0.83
1.00
0.067
0.93
1.00
0.38
0.19
0.50
0.50
0.017

0.022

'Taken from Ref. 33 and sum rules.

R4p(J, J') =k4p(J, J')fM (J,J')d V, (14)

where k4p(J, J') =k~p, ,(J,J')+k4p, ,(J,J'). Thus the ra-

tio of the measured intensities equals

that the ratios appearing in the two rows in the table ap-
ply within each row only, not between rows. Sources of
uncertainty in the rate-coefficient ratios in Table II are
uncertainty in branching ratios (10% for 5S, 5% for 4D,
0% for 4F), uncertainty in monochromator plus pho-
tomultiplier sensitivity versus wavelength (-7%), and
statistical uncertainties (2—3%). The only significant
cascade uncertainty is -5% for 4F. The net uncertainty
is thus —10% for all ratios. To establish the relationship
between the two rows is the next objective.

In the second experimental step (see Sec. II 8), we com-
pared 4D~3P fluorescence from both J" states produced
by collisions between two Na(3P3/r) atoms with the
4D ~3P fluorescence due to collisions between two
Na(3Pt/r) atoms. Since we used interference filters in
this part of the experiment, we did not resolve the two
4D~3Pz lines, so the observed fluorescence is a measure
of the total rate coefficient k4p ——k4p, , +k4p, , By

comparing the fluorescence intensity in the two D-line
pumping schemes, we obtained k~p(3/2, 3/2)/
k4p(1/2, 1/2). The total, volume-integrated rate of excita-
tion transfer R to both Na(4D) fine-structure states can
be expressed as R4p(J, J')=R4p, ,(J,J')+R4p„, (J,J'),
which from Eq. (5) equals

(15)

For the same absorbed power of Dl versus D2 radiation
and sma11 laser-beam attenuation,

fM (3l2, 3l2)d V

M'1 21 2 V

p(eff)
2

3P3/p

~(eff)
3P~/p

(16)

g k„,,„(J,J')P(J,J')
J,J'

g kss(J, J')P(J,J') (17)

where P (J,J') is the fraction of the total Na(3P)
+Na(3P) collisions involving Na(3PJ) + Na(3P/ ). The

At the sodium densities we used, Holstein's theory of
radiation trapping ' predicts (in the Doppler regime)
I'~&'r, ), /I'~&f, ', =2.00, and we have verified this using the

second laser, as described in Sec. IIB. Therefore, from
the measured 4D~3P intensity ratio, R4p(3/2, 3/2)l
R4p(1/2, 1/2) =2.76 reported in Sec. IIB. From this and
the ratio of I" 's we find that ksp(3/2, 3/2)/
k4p(1/2, 1/2) =2.76/2 =0.69. From the k4p(J, J)/
ksz(J, J) in Table II for J=1/2 and J=3/2 this yields

k&z(1/2, 1/2)/ksz(3/2, 3/2) =3.2. This factor multiplying
the first row of Table II yields the ratios of rate coeffi-
cients in the two rows. The result is given in Table III,
with all ratios given relative to kss(3/2, 3/2).

The standard deviation in the mean from this part of
the experiment, relating the first and second rows of Table
II, was -2.5%. Allowing for the possibility of systemat-
ic effects not seen in the much more scattered individual
measurements, we consider 10% a reasonable uncertainty.
This is added in quadrature with the uncertainties from
the first step to yield the uncertainties listed in Table III.

In the third stage of the experiment, at much higher
[Na] where a nearly equilibrated mixture of Na(3P) popu-
lation occurs, the measured excitation transfer to each
nl.j is a weighted average of the excitation transfer from
the three ( J,J') combinations of ( J,J') =(1/2, 1/2),
(1/2, 3/2), (3/2, 3/2), with a weighting, P (J,J'), of approx-
imately —,', —,', and —', , respectively. Thus, the effective
rate coefficient can be written as

k„'r', ,
', = Q k„L „(J,J')P(J,J') .

J = I/2, J'=3/2

Thus we define a ratio of effective rate coefficients as

r„r =k„r „/kss .(eff) (eff).

TABLE II. Ratio of rate coefficient k~ (J,J) relative to

ksq(J, J). Uncertainties are =10%—see text for detailed ex-
planation.

TABLE III. Ratios K„r, (J,J) [rate coefficients relative toJ
kqs(3/2, 3/2); see Eq. (19)]. Uncertainties are = 15% for
J=1/2, =10% for J=3/2.

1/2
3/2

4Dg//p

0.39
0.91

4Ds~

0.61
1.3

4Fsip

0.30
0.39

4F7/p

0.46
0.44

1/2
3/2

5SIlg

3.2
1

4Dg/p

1.3
0.91

4Dsn

1.9
1.3

4Fsip

0.96
0.39

4F7n

1.4
0.44
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terms k~ „(J,J) in Eq. (17}are known from the first and

second parts of the experiment, and there are five k values
to be determined, but only four measured ratios r„L „.

As noted above, the k~ „(1/2,3/2) are underdetermined

by the present experiment, but we can use the results from
Table III and the r„L „measurements to put constraints

on the k„L „(1/2,3/2). By inverting Eq. (17) we arrive at

the following four linear relations for nL J- 4D——&z&,

4D5/2~ 4F5y2~ and 4Fpy2.

&~ „(1/2,3/2) =r~ „E5s(1/2, 3/2)+Z„L

where we have defined

k„L „(JJ')
k 5s( 3/2, 3/2)

and

(18)

(19)

[r~ „Ess(1/2, 1/2)-E~ „(1/2, 1/2)]P(1/2, 1/2)+[r„L „-E„L„(3/2,3/2)]P(3/2, 3/2)

P ( 1/2, 3/2)
(20)

The terms E~ „(J,J) were determined in steps (1) and (2)

of the experiment and appear in Table III. The r~ are„

the measured photon flux ratios from this part of the ex-
periment, and the P(J,J') are known. Therefore, the
Z~ „are known and are given in Table IU along with

values for P(J,J'). Thus, Eq. (18) provides a linear rela-
tionship among the five k„L, „. Plots of E„L, „(1/2,3/2) as

a function of Ess(1/2, 3/2) [from Eq. (18)] appear in Fig.
5, which is discussed below.

IV. DISCUSSION

TABLE IV. r„r. is the ratio of rates of production relative to"J
rate of 5S production, P(J,J') is the fraction of eo11isions be-

tween Na(3PJ) and Na(3PJ ) atoms. See text for definition of
ZeLJ„~

State pumped

P(1/2, 1/2)
P(1/2, 3/2)
P(3/2, 3/2)

4~~+

4D5/2

4FS/2

4F7n

z4~~n

4~5m

z4F5/2

z4F7y2

3P)/2

0.16
0.48
0.36
0.62

0.39

0.50

0.00

0.04

0.09

3Pg/p

0.097
0.43
0.47
0.73

0.42

0.45

—0.10

0.11

There is a great variety of theoretical and experimental
information on Naq potential curves (see Ref. 34 for all
Na studies up to 1983 and Refs. 19 and 13 for recent cal-
culations}. However, most of these are for a lower energy
region than of interest here, with the exception of Ryd-
berg states, which do not reach the large R region (R the
internuclear distances) of interest here. Kowalczyk'6
has calculated the Na2 potentials for Na(3P) + Na(3P)
and Na(4D) + Na(3S) in our region of interest.
Kowalczyk has not explicitly treated the J dependence of
the states that he has calculated, nor has he included the

Na(4F) + Na(3S) or Na(SS) + Na(3S) states. Allegrini
et a/. ' have included the 4F and 5S states but they do
not treat the J dependence. Henriet et al. ' have some of
the calculated Naz potentials in this region; however, they
do not address the issue of excitation transfer to the nLJ
states, nor the fine structure.

The Na+ + Na ion-pair potential crosses the region of
the Na(3P) + Na(3P) potential at R -40 A. At this very
large separation, electron transfer is very unlikely, so that
hopping to the ion-pair state probably does not play a sig-
nificant role in the excitation-transfer process (1).

The uncertainties in J" dependences of k„L „are only

2—3% since only the statistical uncertainties effect these.
The k4D „(1/2,1/2) are in the ratio of their statistical

weights 2J" + 1, as are the k4D „(3/2,3/2). One possible

explanation of this is that considerable nonadiabatic mix-
ing may be taking place in the fine-structure recoupling
region as the quasimolecule separates to the dissociated
state Na(4DJ-) + Na(351 &2). For the 4F case, the statisti-
cal ratio is 1.5 and we observe 1.33 and 1.13, respectively,
for J= 1/2 and 3/2.

Also note that k4D/k4F equals 1.36 and 2.7 for J= 1/2
and 3/2 whereas the ratio of statistical weights equals
5/7. This argues against complete mixing of 4D and 4F
states during separation, although they are only separated
by 38 cm

When the values for the five ratios of rate coefficients
[all relative to kzs(3/2, 3/2)] in each row of Table 111 are
compared, it is seen that there are large variations. This is
another noteworthy result relating to state-specific cou-
pling. It indicates that the Na(3PJ) + Na(3PJ ) popula-
tion tends to follow adiabatic states as the atoms pass
through the fine-structure recoupling region. They then
pass into the smaller E. region where avoided crossings
with states of Na(nLJ-)+Na(3S) parentage result in
transfer to particular nI.J- states.

Symmetry plays an important role in determining the
Landau-Zener hopping probability at avoided crossings.
Because there are so many states involved in reaction (1),
the calculation of the potential-curve hopping and the
tracing of an atom along the tortuous path through the
manifold of these states' potential curves will be difficult,
even once the adiabatic potentials are known. Thus, it is
difficult to draw specific conclusions as to which initial
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state will result in which final state. One possible excep-
tion is the state that separates to Na(SS) + Na(3$), which
should be favored from Na(3P, /2) + Na(3Pi/2). This is
expected because the Na(3P(/z) + Na(3P(/i} states have
the lowest energy at large R, and as the manifold of
Na(3P/) + Na(3PJ ) states fan out with decreasing R, the
Na (3Pi/i)+Na(3P, /2) will stay adiabatically in the
lowest-energy state. Na(5S) + Na(3S) is below
Na(3P} + Na(3P} (see Fig. 1), so this causes a greater pro-
pensity for Na(3P i/i ) + Na(3 P i/i ) to cross Na(5S)
+Na(3S). A second reason for a large kss(l/2, 1/2) is
that the Na(3P&/2)+ Na(3P(/z) states form mostly an
Q=O state, as do the Na(5S}+ Na(3S) states, so that
these are strongly coupled in the crossing region. These
states also have the same symmetry in the j-j coupling
scheme. Therefore, it is no surprise that kss(1/2, 1/2) is
3.2 times larger than kss(3/2, 3/2).

In the case of the Na(3P(/2) + Na(3P3/2) data the mea-
sured flux ratios lie between the corresponding ratios for
Na(3P(/2) + Na(3Pi/2} collisions and Na(3P3/2)
+Na(3P3/p) collisions (see Fig. 4). This suggests [see Eq.
(17)] that the rate coefficients are also so ordered —i.e.,
k„L, „(1/2,1/2) & k~ „(1/2,3/2) & k„L „(3/2,3/2) for all the

nLJ-. If one assumes that K&s(1/2, 3/2) is about equal to
the arithmetic and geometric means between K5z( I/2, 1/2)
and Kss(3/2, 3/2), then K5s(1/2, 3/2)=1.9. Then from
Fig. 5, where this is indicated as a vertical dashed line, the
measurements yield K„I „(1/2,3/2) =-1.2, 1.8, 0.8, and 1.0
for nLJ- ——4Ds/q, 4Ds/2, 4Fs/2, and 4E7/2, respectively
As seen in Fig. 5, which is a plot of Eq. (18), all but one
of these K„r „(1/2,3/2) lie between the corresponding

K~ „(1/2,1/2) and K~ „(3/2, 3/2), which are indicated

as horizontal dashed lines. Thus, the data are consistent
with k~ „(1/2,3/2) being approximately between

k~ „(1/2,1/2) and k„L „(3/2,3/2).
In the mixed population data of Fig. 4 (X and +),

there appears to be a slope that exceeded the experimental
uncertainty in this plot against [Na(3P)], by about a fac-
tor of 3 in the 4D~3P3/i, 3D~3P3/2, and 3D~3P)/2
data and a factor of 2 in the 4D~3P(/2 data. Here the
uncertainty in individual measurements ranging from 8%
to 40% for the various states is much less than the varia-
tion between the lowest and highest signal data. This
should not occur, and it does not appear in the other data
in Fig. 4 taken at a much lower [Na(3P)]. We have con-
sidered many possible causes of this, and some of these
are discussed in the paragraphs which follow.

At the right side of Fig. 4, [Na(3P)] is sufficient to
cause some radiation trapping of the 3D-3P fiuorescence,
but much less trapping of 4D-3P and SS-3P fluorescence.
The primary effect of this 3D-3P light trapping should be
to redistribute the 3D-3P~ fluorescence between the
7= 1/2 and J=3/2 components. However, this effect is
not seen in the data of Fig. 4, implying that such trapping
was relatively minor. Another effect of such trapping is
to redistribute the region of Na(3D) density more evenly
throughout the cell, thereby decreasing the intensity in the
slit-image observed region. %e do not think this could
produce the size of the effect seen in Fig. 4, as the detect-
ed region is finite in width. The larger slopes in the 3D

data does, however, fit this qualitatively. But since the
absorption coefficient of 4D-3P is —,', that of 3D 3P-, we

feel that trapping of nL/ ~3P radiation is not an ade-
quate explanation for the slope.

Velocity selection of the Na(3P) atoms by the laser de-
tuning might be a cause. However, this is unlikely since
the 3S-3I' light is so highly trapped and most atoms are
excited by spectrally redistributed, diffusing radiation.
Most of the resonance light reaching the cell's interior was
reradiated light and therefore not capable of velocity
selection. We can also rule out laser power effects since
tests were made with neutral-density filters, included in
the data in Fig. 4, and these showed the same effect as we

saw obtaining the same F(5S-3P3/Q) by detuning.
We can also rule out collisional mixing of the 4D and

4F states by any species, because the mixing of these
would give them opposite slopes as one is depleted, the
other is filled. Further, we can rule out the quenching of
the nLJ ~ states by collisions with electrons or Na(3P}
atoms (Ref. 7 discusses this process for potassium). Mix-
ing by electrons seems to be an unlikely explanation since
4D= =AE mixing should be much faster than energy
transfer to other states, and we see no evidence of this
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FIG. 5. Plots of the measured K„L „(1/2,3/2)
=k~ „(1/2,3/2)/k5q(3/2, 3/2) as a function of Esq(1/2, 3/2)
=kss(1/2, 3/2)/kqs(3/2, 3/2) which is unknown [see Eq. (15)).
Solid lines represent the results for Na(3PI/~) pumping; slanted
dashed lines for Na(3P3~2) pumping. Horizontal dashed lines
are K„l „(1/2,1/2) and K„L „(3/2,3/2) (upper and lower, respec-

tively), and vertical dashed line is at ksq(1/2, 3/2) = 1.9 (see text).
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mixing (again since the slopes have the same sign). The
Na(3P) density is too small to yield significant collisions
with Na(nLJ-) in r„L.

Leakage of the bright 3P~3S fluorescence into the
photomultiplier can also be ruled out as a cause of this
slope. Often in experiments, the weaker-signal data are
"contaminated" by leakage of more intense light. Howev-
er, the data for this experiment were taken by scanning
the monochromater through the lines, thereby allowing us
to subtract off background and leakage.

One possible explanation is photoionization of nLz ~

states by the D-line laser light (a process originally noted
by Lucatorto and McIlrath ). As the laser is tuned closer
to resonance, the number of trapped photons (the x axis in
Fig. 4), and also the population of Na(3P), builds up.
Smith et al. report that the ionization cross section in
their experiment, where the wavelength was about twice
that used here, is ten times larger for Na(4D) than for
Na(SS). However, the photoionization cross sections
from their work are about 3 orders of magnitude too
small than is necessary to sufficiently photoionize a few
percent of the nLJ ~ states within r„t, and smaller cross
sections are expected at 590 nm. We have also been un-
able to think of a means by which the very small Naz con-
centration in the experiment could cause this effect.

In conclusion, there might be an unknown effect pro-
portional to [Na(3P)], or we may not have considered all
of the ramiflcations of nLq ~3P radiation trapping, so
that the left-axis extrapolation in Fig. 4 could be correct.
Since we cannot explain the mechanism for the slope we
have taken an average of the left-axis extrapolation with
the mean of the measurements.

It is worth noting that the significant direct populating
of Na(3D) by process (1) appears unlikely. The cross sec-
tion for populating the 4D state reported by Huennekens
and Gallagher from a mixture of the 3P~&z and 3P&&z
states is 23 A, and from Table III the cross section to 4F
is about —,

' of this, corresponding to an internuclear dis-
tance of 2.7 A. The energy difference,
kE i —E L 2E3p, for 4D is 6 1 3 cm ', whereas b,EzD is
—4763 cm ' or —0.6 eV. Therefore, for the
Na(3P}+ Na(3P) and Na(3D) + Na(3S) potentials to be
perturbed enough to approach one another, the internu-
clear distance must be very small, and that is highly un-
likely since the excitation transfer [process (1}]to the nL
states studied in this experiment is a long-range effect,
and would occur, during a collision, long before excitation
transfer to the 3D state could occur.

The mixed population rates r„L, could be turned into
absolute rate coefficients if an absolute measurement of
the rate coefficient for one of the nLJ ~ states were known
for a collision between Na(3P«z) and Na(3P3/z). Howev-
er, no experiment to date has measured this, which would
have required precise determination of [Na] over a range
of densities. Our results, along with those of Huennekens
and Gallagher, might have provided this; however, the
large uncertainties in both density measurements and their
rate coefficients would make any result meaningless.

Very recently Allegrini et a/. ' have reported a mea-
surement of the k4p/k~D ratio which, under their D2
pumping conditions, is the ratio k4p(3/2, 3/2)/

kqD(3/2, 3/2). Their value for this ratio is 0.18+0.09 at
T—530 K, whereas the results reported here give
0 3.8+0 0.6 at T=640 K. As bE4D-—b, J-4p, the difference
in temperature cannot account for the discrepancy on the
basis of activation energy. There is no other experimental
information on a possible temperature dependence to
k4plk4D, but it appears unlikely that the 20%%uo tempera-
ture difference can explain the factor-of-2 disagreement in
the measurements.

The Na density used by A.llegrini et al. was similar to
those reported here, but they detected infrared fluores-
cence from the 4D and 4F states and, due to the much
lower sensitivity of infrared detectors, they worked with
laser-beam intensities approximately 200 times larger than
we used. At these higher Na(3P) densities and light inten-
sities„higher-order processes are much more likely, and
indeed some were observed in Ref. 13 in a He-buffered
cell. As expected and as confirmed by our measurements
versus laser intensity and excited-atom density, these
higher-order processes were insignificant in our experi-
ment.

If significant trapping of the 4D~3P radiation oc-
curred in the experiment of Allegrini et al. ' this could
explain much of the discrepancy between the reported
k4p(3/2, 3/2)/k4D(3/2, 3/2) ratios. Such trapping would
cause an increase in the observed I4tz 4p fluorescence at
the expense of I4tz &p, i.e., the effective branching of the
4D state into the observed Iqo qp fluorescence becomes
14D 4p/(I'4D 4p+I'4D' zp), and 14&' zp decreases due
to radiation trapping. From the intensities used by Al-
legrini et al. we estimate the Na(3P) density is sufficient
to cause significant 4D~3P radiation trapping in their
experiment, although we cannot be quantitative without
the exact parameters necessary for this calculation. Such
an effect would appear as a negative slope in their Fig. 4,
which is not inconsistent with the reported data.

From the brief experimental description in Allegrini
et al. ,

' we cannot establish if they eliminated the wave-
length dependence of imaging the small, optically excited
region into their monochromator slit. That this could be
a problem in their experiment is indicated by the reported
I4p 4' I4s 3p ratio (2.3/2. 9 in Table I of Ref. 13) which
should equal A4s 3p/A4p 4s because these lines come
from a cascade transition and must represent the same
number of photons (the 5P~4S line is of negligible inten-
sity in their Fig. 3). However, the reported intensity ratio
is 1.54 times the wavelength ratio, suggesting a problem
with some part of the optical collection system.

In order to measure k4~/k4D, Allegrini et al. measured
the ratio I4p/I4D of infrared fluorescence from the 4D
and 4F states for a range of Na densities or temperatures,
and observed changes in the ratio which they attributed to
Na(4D)~Na(4F} mixing by collisions with Na(3$) atoms.
A inixing rate coefficient of k-10 cm /s ' between
these levels (separated by 38 cm ') was necessary to ex-
plain the data. This rate coefficient is an order of magni-
tude larger than that for mixing the two Na(3') states,
which are coupled by the long-range resonant dipole in-
teraction and are 17 cm ' apart, casting considerable
doubt on this interpretation. We believe that the correct
explanation of their observed I&p/I4D variation (see Fig. 4
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of Ref. 30) is Na(3Pi&2)~Na(3P3/2) collisional mixing
which occurs at the higher sodium densities, i.e., the
change in I4D/I4F is due to the transition from
NA(3Psg2) + Na(3P3/2) collisions to collisions between a
mixture of Na(3P, &2) and Na(3Ps&2} atoms. We have
measured 0.38 for the former case and k4F/k4D
~0 55. +0 05. as [Na(3P3/2)]/[Na(3Pi/Q)] approaches a
statistical ratio (this transition occurs in our 0.63-cm-wide
cell at [Na]-10' cm ). The Na(3'} fine-structure
mixing should occur before 4D=:"Fmixing because the
3PJ mixing rate competes with the much slower I""'
(due to resonance radiation trapping), whereas the
Na(4D)~Na(4F) mixing competes with the faster natural
radiative decay rates I'N for Na(4D) and Na(4F}. From
our present understanding of the excited-atom geometry
in Ref. 13, we expect a fraction of this -50% increase
(from 0.38 to 0.55) in k4+/k4D to occur in their experi-
ment, explaining their observed variation with tempera-
ture.

~LtJ" ~~'I/2 4D3/2 4L 5/2 4F5/g and ~F'7/2 ~

values which appear in Table III and data from a mixture
of Na(3Pizs) and Na(3P3/2) atoms were then used to
determine to within one parameter the five remaining rate
coefficients for J= 1/2, J'=3/2 collisions (Table IV). In
the literature at this time, there are no papers reporting
rate coefficients for anything but a (nearly) equilibrated
mixture of Na(3P) [or a pure Na(3') population]. These
papers do not separate out the contribution of the
Na(3Pi&q) + Na(3P&/z) to the rate in process (1), which is
the one parameter needed to complete the set.

When all 15 relative rate coefficients have been deter-
mined, their comparison with the absolute measurements
of the rate coefficients made by Allegrini et al. will
make possible the absolute determination of these 15 rate
coefficients.
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