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Measurements of polarization of the Na 3p ?P; , level produced in Na-Ar, Na-Kr, and Na-Xe op-

tical collisions are reported. The measurements extend over a range of detunings from 150 cm™

1

red to 350 cm ™! blue of resonant excitation of the Na 3p levels. The short-pulse, pump-probe tech-
nique employed in the experiments eliminates large systematic effects due to the hyperfine interac-
tion, collisions, and radiative trapping. For far-blue-wing excitation, nearly constant polarizations
of 21(2)%, 13(2)%, and 8(2)% are obtained for Na-Ar, Na-Kr, and Na-Xe, respectively.

I. INTRODUCTION

Collisional relaxation in isolated and in nearly degen-
erate excited states has been studied for many years."? In
those studies, a multipole or distribution of multipoles is
often produced by optical pumping, and the relaxation to
lower-order multipoles is determined. As reflected in the
normally large cross sections of several 100 A 2, the relax-
ation rates are governed mainly by long-range interac-
tions. Angular momenta of up to 2007 or more contrib-
ute significantly to the cross sections in many cases. Ap-
plication of the optical-collision technique to the excita-
tion of atomic multipoles® during a simultaneous radia-
tive and collisional interaction has provided new insight
into the physics of atomic multipole relaxation. In an op-
tical collision, nonresonant light is absorbed during a col-
lision between two atoms. After the collision, one or
both of the atoms may be left in excited states. In addi-
tion to the excited populations produced, absorption of
polarized light, even in an isotropic collision environ-
ment, may result in an atomic orientation* or align-
ment® 2 after the optical collision is completed.

Depending on the frequency of the light, absorption
during a collision may occur at small internuclear separa-
tions where specific molecular states or mixtures of states
may be excited.!> As the detuning A of the frequency of
the light from resonance excitation is varied, both the
range of contributing angular momenta ( <707%) and the
final-state collision energy are also varied. These give the
investigator an additional variable through which to
study relaxation of atomic multipoles.

When one of the atomic products has several closely
spaced levels, such as in a fine-structure multiplet, inelas-
tic processes can also be studied through optical col-
lisions.!*!> In this case, branching fractions into the
various accessible final states as A is varied are deter-
mined.'"!>1%15 The interplay between these fractions
and the atomic polarization as a function of the detuning
provide a varied set of data through which insight into
the various dynamic processes occurring during the opti-
cal collision may be obtained.

Earlier work has concentrated on atomic alignment
produced in optical collisions involving rare-gas atoms
and group Il atoms in their lowest 'P, state.’ %16
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Significant insights into how the atomic alignment de-
pends on the details of the optical-collision dynamics
have been obtained. For systems having significant spin
interactions, more limited theoreticall’ =2 and experi-
mental® ™ '? results on the alignment produced in optical
collisions have been reported. Detailed experimental'* !>
and theoretical'®?!~2% results have been obtained on the
inelastic fine-structure branching in Na-rare-gas optical
collisions.

In this paper we report the results of extensive experi-
ments on the polarization of the atomic Na 3p 2P; , level
produced in optical collisions with rare-gas atoms. The
results are obtained through a pulsed, pump-probe tech-
nique which eliminates systematic effects in the data due
to hyperfine interactions, subsequent collisions, or radia-
tive trapping. Contrasting the results with those from
group II-rare-gas-atom experiments allows the role of
the spin-orbit interaction to be clarified. Comparison of
the experimental data with available quantum-
mechanical close-coupling calculations of the dynamics is
also made.'>!®

II. EXPERIMENT

The experimental technique is illustrated in Fig. 1,
where illustrative relativistic potentials of a Na—rare-
gas (RG) system?® are shown as a function of internuclear
separation. Linearly polarized light (frequency v) from
laser 1 (pump) is tuned into the far wings of the Na 3p 2Pj
doublet, where the detuning A is positive with respect to
D2 for the blue wing [v—v(D2)>0] and negative with
respect to D1 for the red wing [v—v(D1)<0]. Accord-
ing to the classical Franck-Condon principle, radiative
transitions for a detuning A will occur at internuclear
separations R such that Vy(R)+hv=Vyz(R)+hv(D2).
This relates the detuning to the difference potential by
A=[Vg(R)—Vyx(R)]/h. It can be seen from Fig. 1 that
far-blue-wing detunings correspond primarily to free-free
molecular transitions between the B?%, , and X3, ,,
states; far-red-wing detunings correspond to free-free or
free-bound molecular transitions between the A *IT; /2,32
and X 2%, , states. After excitation the molecule dissoci-
ates on molecular terms that approach each other closely
at large R. In that region rotational and spin-orbit in-
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teractions may dominate the mixing of the molecular
states.?* As these states asymptotically correlate to the
3p2P,,, and 3p*P,,, atomic states, the result can be
nonequilibrium populations in the 3p 2P, s2,3,2 levels and
in the magnetic substrates of the 3p ?P;,, level. The
former effect has been previously investigated;'*!* in this
paper we have investigated the latter by observing the re-
sulting alignment (polarization) in the 3p P, , state fol-
lowing the optical collision as a function of detuning.
The alignment 4, ) is defined?” as

S{[3M2—J(J +1)]o(J, M)}
(4,)=2

SJJ +1)o(J,M) ’ W
M

where J and M are the angular-momentum and z-axis
projection quantum numbers. o(J, M) is the cross section
for production of the state defined by J and M. Excita-
tion of the colliding Na-RG pair with linearly polarized
light produces a molecular alignment, a portion of which,
in the average over all collisions, survives to produce a
residual atomic alignment { 4,). This is a measure of
the axial symmetry of the Na 3p P, electronic charge
distribution produced, where the axis of symmetry is the
linear polarization direction of the exciting light.

The alignment produced in the 3p P, level is mea-
sured by probing with laser 2 (probe); the frequency of
the laser is fixed to the 3p?P;,,—5s2S,,, resonance
transition. Its linear polarization direction is periodically
switched from parallel to perpendicular to laser 1, thus
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FIG. 1. Qualitative potentials for a Na—rare-gas molecule, il-
lustrating the basic experimental scheme.
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probing the polarization of the ?P;,, level populated in
the optical collision.

Na atoms that are promoted to the 5s %S, , state are
detected via cascade fluorescence from the 4p 2Pj level at
330 nm. The resulting signal intensities I, and I,, corre-
sponding to the two probe polarizations, determine the
linear polarization given by P, =(I;—1,)/(I;+I,). The
polarization is related to the alignment { 4,(A)) by?’

Py =3h{ Ax(A))/[4+h{ Ax(A))], )

where h is a geometrical factor equal to —3 for a
2P, ,,-2S, ,, transition. This expression is identical to that
obtained for P, in the case of observation of the
3p?P;,,—3s2S,,, fluorescence in the usual 90°
geometry. Note that for resonant excitation of the
3p 2P5,, level with linearly polarized light Eq. (1) gives
(4,(D2))=—0.8, which predicts a polarization of 60%
in the absence of any depolarizing effects.

A schematic diagram of the experimental apparatus
appears in Fig. 2. A short pulse (0.8 ns), 1-MW nitrogen
laser simultaneously pumps dye lasers 1 and 2. At a re-
petition rate of 4 to 5 Hz, no stirring of the dye was re-
quired. The dye lasers are of the grazing incidence type
where a 100% end mirror is used and the output coupling
is the zeroth-order reflection from the grating. This ar-
rangement provides for maximum laser power at the ex-
pense of a relatively large broadband background. The
high power is especially important for the pump laser
since the collision-induced absorption in the far wings is
many orders of magnitude smaller than on resonance.
The pump laser has an average pulse energy of about 18
pJ and a bandwidth of less than about 2 cm™!. The
probe laser has a typical pulse energy of about 14 uJ per
pulse and a bandwidth of about 1 cm™~!. Both lasers are
collimated to a beam size of less than 2 mm by a single
lens at the output of each laser.

The pump laser is spectrally purified by a Na
absorption-cell-prism combination. The absorption cell
is approximately 35 cm long and contains Na and ap-
proximately 300 Torr RG. The heated filter cell removes,
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FIG. 2. A schematic diagram of the experimental apparatus.
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from the broadband background of the laser, light reso-
nant with the Na D lines. A rutile prism follows the ab-
sorption cell and strongly disperses the remaining broad-
band background upon which are superimposed a bright
laser spot and dark “Fraunhofer” lines at the D1 and D2
lines due to absorption by the filter cell. An iris at the en-
trance to the oven permits only the tuned laser beam to
enter. For each detuning a slight rotation of the prism is
thus required.

The linear polaroid and Pockels cell in the probe-laser
path produce a probe polarization parallel or perpendicu-
lar to the horizontally polarized pump laser, as deter-
mined by a computer-controlled application of a half-
wave voltage to the Pockels cell. The pump and probe
laser beams enter the oven colinearly but from opposite
sides.

The oven contained a sealed Na-RG cell and was
heated by a coaxial heater; the temperature was stabilized
to within about 0.1 K. Windows at each end of the oven
allowed the laser beams to enter the oven and a side win-
dow at 90° permitted viewing of the fluorescence signal at
the pump laser end of the cell. The sealed Na-RG cells
were made of Pyrex tubing 6 to 7 cm long and 2.5 cm in
diameter; the windows were perpendicular to the direc-
tion of the incoming laser beams. They were processed in
a vacuum-gas-handling system by evacuation to less than
107¢ Torr and baking for typically 48 h at 650 K. A
macroscopic amount of Na from a break seal ampoule
was then flamed into each cell followed by the admission
of a research grade RG (Ar, Kr, Xe) at the desired pres-
sure (typically 2—20 Tofr) as measured by a calibrated ca-
pacitance manometer. For this experiment, data were
taken at a nominal temperature of 453 K, corresponding
to a Na density of about 102 cm 3.

The 4p-3s fluorescence signal at 330 nm was gathered
by a concave mirror, lens, and filter combination. The
filter combination consisted of a 330-nm interference
filter and 1 mm of Schott UG-11 colored glass which re-
moved all background due to laser scattering and Na D1
and D2 resonance fluorescence . The detector was a
cooled EMI 9814 bialkali-cathode, quartz-window pho-
tomultiplier tube (PMT) operated in a gated photon-
detection mode. Photons were counted in a 500-ns gate
which opened about 30 ns after the laser fired. The 30-ns
delay eliminated the initial laser scattering pulse from the
gate as well as high-frequency noise which appeared at
the PMT output due to the firing of the N, laser. The
noise otherwise appeared in the electronics as photon
counts early in the gate. The counting rate was limited to
about one photon count in ten laser shots in order to min-
imize dead time. Small dead-time corrections were made
as necessary. However, for the far wings a counting rate
of 0.1 photon per shot was typically all the signal avail-
able.

The experiment and data acquisition were computer
controlled with a provision for the selection of the total
number of laser shots and the polarization switching fre-
quency. Switching the probe polarization frequently
(typically every five laser shots) eliminated systematic
effects due to drifting in the average laser characteristics
in which one polarization orientation would have a
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higher average power than the other. The primary
sources of these drifts were bleaching of the laser dyes
after several hours of running, and a thermal drift in the
effective probe-laser frequency due to longitudinal modes
under the gain profile drifting in and out of resonance
with the 3p ?P;,, —5s %S, ,, transition. Photon-counting
data were accumulated and displayed for each polariza-
tion in real time. A time distribution of the accumulated
photon counts, which was found useful for diagnostic
purposes, was also obtained.

III. THE SHORT-PULSE PUMP-PROBE TECHNIQUE
AND SYSTEMATIC EFFECTS

The measurements reported in this paper were made
using a short-pulse pump-probe technique. This tech-
nique eliminates or greatly reduces several systematic
effects that generally decrease the size of the measured
polarization. The reduction of systematic effects in each
case is due to the short time (7T <0.5 ns) the excited Na
atoms produced in the optical collision are probed by
laser 2.

First, the 16.3-ns radiative lifetime?® of the 3p state is
much longer than the probe width T. This has the effect
of minimizing depolarization due to radiative trapping,
for fewer than 3% of the excited atoms radiatively decay
during the time the probe laser is on. This was confirmed
experimentally by varying the signal size by a factor of 4,
over which there was no measurable change in the wing
polarization. As the signal size in the optical collision is
linearly proportional to the Na density, this correspond-
ed to a X4 change in that quantity.

A temperature dependence of the D2 resonance line
polarization of about 20% could be observed, when the
density was varied over an order of magnitude, depend-
ing on whether the fluorescence was viewed on the probe
or pump side of the fluorescence cell (see Fig. 1). When
the fluorescence was viewed on the pump side the effect
was minimal. We believe the effect to be due to hole
burning in the pump-laser spectral profile as it trans-
verses the optically thick cell. When the signal is taken
from the probe end, the pump laser propagates through
the full length of the cell. Depending on the rare-gas
pressure, the contribution to the measured polarization
from the wings relative to resonant excitation is greatly
enhanced in that case. Fluorescence signals were normal-
ly viewed from the pump side of the cell.

Second, depolarization due to unobserved hyperfine
structure?® can essentially be eliminated if the laser pulses
are temporally much shorter than wzz, where @y is the
frequency splitting between hyperfine levels of angular
momentum F and F’. Since the I =2 nuclear spin of Na
couples with the electronic angular momentum J =2 to
form F=1I+J, J is no longer a constant of the motion.
This introduces an oscillating time dependence in all the
multipole moments of the electronic state represented by
J. The time dependence of the multipole moment®®3°
corresponding to the alignment is given by
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(Ao(A, 1) =gP(1){ 40(A,0)) ,
g2P(t)=3[(2F +1)2F'+1)/(2I +1)]

X WHJFJF';12)coswppt -

Here, W () is a Racah coefficient and { 4,(A,0)) is the
electronic alignment at the moment of excitation. The
sum is over the allowed values of F and F’. Note that at
t =0, g(0)=1 and the alignment is just that produced
in the electron charge cloud at the time of excitation. As
t becomes greater than zero, J and I precess about F and
the factor g'?)(#) decreases from its maximum value of 1.
Since the time scales involved in an optical collision are
short compared to a precession time, ., ~1 ps <<wpp,
the alignment following the optical collision is essentially
( 4,(A,0)). Consequently, using an overlapping short-
pulse pump and probe as described above, we can freeze
out the electronic alignment at ¢t =0, or even at a later
time ¢ >0, by delaying the arrival time of the probe pulse.

We have computationally investigated the effectiveness
of the pulsed pump-probe technique for the 3p %P, , level
of Na. Equations (2) and (3) were used to compute g%
and the resulting polarization is calculated as a function
of pulse length and pump-probe delay, assuming square
pulses for the pump and probe. For overlapping 0.5-ns
pulses we calculate a polarization of 59.9%. If the probe
is delayed by 2 ns, the polarization is already reduced to
50%, and by 8 ns the polarization reaches a minimum of
—16%. By continuing to increase the probe delay,
several oscillations of ‘“polarization quantum beats” are
mapped out. Experimentally we have checked these cal-
culations by measuring the polarization for a 0- and 8-ns
probe delay. We get 59% (2) and —15% (3), respectively.
Calculations also show that longer pulses can be
effectively shortened for + =0 measurements by advanc-
ing the probe arrival time relative to the pump; the
remaining temporal overlap of the pulses will then be the
effective pulse length.

For a continuous excitation Eq. (3) must be integrat-
ed?® with a damping factor e ~*/7, where 7 is the lifetime
of the state, to get an average g'?. The result for the Na
3p 2P, ), level is 0.297, corresponding to a resonance po-
larization of 21%. Data taken with cw excitation must
therefore be corrected by about a factor of 3 in order to
account for the depolarizing influence of the hyperfine in-
teraction.

Third, the short-pulse method can reduce depolariza-
tion due to collisions subsequent to the optical collision,
so long as the rate I' of depolarizing collisions! is such
that I'T' << 1. For the wing excitation experiments re-
ported here, there was no discernible pressure depen-
dence to the measured polarization for P <20 Torr. For
example, for Na-Kr at detunings of 50 and 250 cm ™!, the
polarization did not change within the statistical uncer-
tainty for variations of the pressure from 5 to 35 Torr. In
all cases, the reported measurements were taken at pres-
sures of 10 Torr or less, on the conservative side of this
range.

Under the conditions that prevailed for the wing mea-
surements, with rare-gas pressures in the 7-10-Torr
range and cell temperature of 453 K, the resonance line

(3)
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polarization was P; =55(3)%. However, measurements
of the D2 resonance-line polarization showed a clear de-
crease for pressures above 10 Torr, and for Na-Kr at 35
Torr the polarization was 40(5)%, well below the low-
pressure limiting value of 60%. A decrease of this
amount is approximately what one would expect, based
on a rate-equation analysis of the depolarization using ex-
isting data for depolarization' and fine-structure chang-
ing®! cross sections. The data suggest that there may be
an anomalous, and as yet unexplained, reduction in the
collisional depolarization rate for those excited atoms
produced in a far-wing optical collision. A similar anom-
alously small relaxation rate has been previously mea-
sured!® in optical-collision experiments on fine-structure
branching in Na-Ar, Na-Kr, and Na-Xe.

Finally, we have made additional checks of our basic
experimental technique, including the accuracy of the po-
larization switching of the probe laser. These are partly
based on polarization measurements under conditions of
pumping and probing of the 3p *P, , and 3p P, ,, levels.
For the former, we expect P, =0%, for a J =1 level can-
not be aligned. We measure P; =0(2)% for this case.
For the latter, we measure P; =59(2)% at T =433 K in
a Na cell with no rare gas. In the absence of hyperfine
depolarization, the expected polarization of the J =3 lev-
el is 60%. These checks confirm the overall absence, in
our apparatus and technique, of a variety of possible sys-
tematic effects, including beam misalignment, imperfect
polarization switching, and cell-window birefringence. In
addition, the wing signal size was linear with variations
in the pump-laser intensity over a factor of 3. On the
other hand, the probe transition was readily saturated, al-
though it was not strongly so under the usual operating
conditions. Nevertheless, the polarization measurements
reported here were independent of either the pump- or
probe-laser intensity, even when the probe transition was
saturated. A similar effect has been observed and ex-
plained for the case of a pump-probe optical-collision ex-
periment in Ba-Ar.*

In conclusion, the wing polarization measurements re-
ported here are, within their statistical uncertainty, in-
dependent of the depolarizing influences of radiation
trapping, subsequent collisions, and the hyperfine interac-
tion. They also did not depend in any measurable way on
the intensity of either the pump- or the probe-laser inten-
sity. Thus the results quoted in the following section are
free from evident systematic error, within the quoted sta-
tistical uncertainties.

IV. RESULTS AND DISCUSSION

Polarization data for the red and blue wings of Na-Ar,
Na-Kr, and Na-Xe are presented in Figs. 3—5. The data
extend over a range of detunings from 150 cm ™! red to
350 cm ™! blue of the D lines. The range was limited by a
rapidly decreasing signal size caused by a combination of
decreasing laser power and absorption coefficient with in-
creasing A. In addition, for red-wing excitation, as —A
approaches k7, excitation is increasingly into bound
states®? of the A4 I, wells; absorption that leads to excit-
ed Na 3p atoms then drops off more rapidly than the total
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FIG. 3. Atomic Na 3p 2P, , polarization as a function of de-
tuning produced in Na-Ar optical collisions.

absorption rate itself. The overall signal strength over
the range of the data varied by about a factor of 100. The
maximum signal size occurs in the near red wings of Na-
Kr and Na-Xe, where strong absorption satellites®33*
enhance the total signal. For A >0, the signals do not
drop off as fast as the overall absorption; this is because
an increasing fraction of the Na 3p atoms branch into the
J =23 level.®

The gap in the data at around A=300 cm ! is due to
the presence of the 3s-4d two-photon resonance with the
pump laser at 578.9 nm. This signal created a back-
ground larger than the wing excitation signal. This reso-
nance did, however, serve as a convenient additional cali-
bration point for the detuning of the pump laser, which
has an overall accuracy of about =1 cm ™.

Data were taken in runs of 5000 shots with a back-
ground check every other run. The background counts
were typically less than 5% of the total signal, and were
subtracted from the measured I and I, before P, was
calculated. With a photon-counting rate of one in ten
laser shots, typically 30000 laser shots determined a
point on the graph with a standard deviation of about
+2%. The error bars on the polarization data represent
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FIG. 4. Atomic Na 3p 2P, , polarization as a function of de-
tuning produced in Na-Kr optical collisions.
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FIG. 5. Atomic Na 3p *P;,, polarization as a function of de-
tuning produced in Na-Xe optical collisions. The data for nega-
tive detunings were obtained with P =2 Torr and T =443 K.

one standard deviation of error due to photon-counting
statistics.

Of the data presented here, a comparison with other
theoretical or experimental results is available only for
Na-Ar (Fig. 3). For that case, our data are in overall
agreement with the measurements of Ermers, Woschnik,
and Behmenburg;'? our results are several times more ac-
curate, however, and more extensive. The measurements
reported in Fig. 3 for Na-Ar are also in excellent agree-
ment with the close-coupling calculations of Julienne and
Vahala'® and of Rebentrost.*

The results displayed in Figs. 3—5 show a generally
positive polarization for both A>0 and A <0, with the
polarization being larger for each collision pair in the
blue wing. For A >0, the polarization is seen to decrease
from a value near 60% in the vicinity of A=0 to a possi-
ble shallow minimum in the 30-35-cm™! range. For
larger detunings the polarization is nearly constant.
When A <0, the polarization is small for all three sets of
data, and appears to decrease monotonically out to — 150
cm~!. The polarization is seen to increase in both the
red and blue wings as the rare gas is changed from Xe to
Kr to Ar. Note that a continuation of this trend is seen
in the Na-He measurements of Ermers, Woschnik, and
Behmenburg.!? To our knowledge, no polarization mea-
surements or calculations are available for Na-Ne.

An extension of the ideas!® used to qualitatively under-
stand the group II-rare-gas polarization results’ ™ can,
by accounting for the spin-orbit interaction, provide a
unified picture of the Na—RG polarization data. A main
concept is that of an orbital locking radius R;, within
which a molecular electronic orbital follows the internu-
clear axis. For internuclear separations R >R, the or-
bital becomes space fixed. In an optical collision with
|A| >>0, excitation takes place normally within a range of
internuclear separations smaller than R;. The optically
excited orbital then remains molecule-fixed throughout
the collision trajectory until R > R;. For excitation of a
molecular = state, the orbital lies in the collision plane.
When a IT state is excited there are two possibilities; for
one molecular parity the orbital lies in the collision plane,
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while for the other it is perpendicular to the collision
plane. A second important point is that the amount of
rotation of an orbital is normally smaller for repulsive
trajectories than for attractive ones. A smaller angle of
rotation leads to a larger residual atomic polarization
after an optical collision. These concepts form the quali-
tative basis for the Lewis-Cooper model,'® which has had
good success in quantitatively describing the results of
the group II-RG-atom polarization experiments.

To apply these ideas to the Na—RG polarization data
presented here, the added complications of the spin-orbit
interaction must be accounted for. That this is necessary
is evident from a comparison of the data for the group
II-RG and Na-RG experiments; in the former case the
far-red-wing polarization is significantly higher than that
produced in far-blue-wing excitation. The reverse is true
for the Na-—rare-gas pairs, even though states of the same
orbital symmetry (2 for A>>0 and II for A <<0) are ex-
cited in each case.

First consider far-blue wmg detunings, corresponding
to excitation of the B ?3;, molecular state. For this
state, the spin is not space quantized along the internu-
clear axis; it is nominally described by Hund’s case (b).3®
The spin is thus expected to play a lesser role in deter-
mining the dynamics of the molecular orbital. A similar
point concerning blue-wing excitation has been made pre-
viously by Schuller, Nienhuis, and Behmenburg.!” Fur-
ther, although the orbital lies in the collision plane, the
trajectories associated with the highly repulsive B state
potential imply a relatively small orbital rotation between
the point of excitation and R;. Thus a significant residu-
al polarization is expected for A>>0. Decoupling of the
spin from the orbital dynamics (so far as the residual
atomic polarization is concerned) is clearly seen in the
quantum-mechanical, close-coupling calculations of Juli-
enne and Vahala'® and Julienne,?’ for Na-Ar and for Na-
He. Two sets of calculations are made, with one treating
the electron spin as a spectator of the dynamics. The
other set treats the spin as a full participant in the dy-
namics. Polarization results for A>>0 are nearly the
same in each case. Thus, far-blue-wing polarization pro-
duced in optical collisions from Na-RG and group
II-RG pairs should be similar in magnitude; comparison
of the data shows this to be the case.

In the red wings, when — A >>0, optical excitation cor-
responds to production of II molecular orbitals In
Hund’s case (a) (Ref. 36) these are labeled °Il;,, and

*I1, ,»; the two electronic states are split by the spin-orbit
coupling constant 4. Described in this basis the IT orbit-
als have a complex spatial representation and the spin
and space parts of the wave function do not factor. They
thus do not lend themselves to the physical picture so
useful in understanding the group II-RG results. How-
ever, by representing the spin and angular parts of the
case (a) wave function in terms of atomic-type orbitals, it
is possible to construct linear combinations of case (a)
states that factor into a real spatial part and a spinor.
For each molecular parity these consist of a pair of orbit-
als, one in the collision plane and one perpendicular to it.
In this basis, the spin-orbit coupling is completely off di-
agonal; the in-plane and out-of-plane orbitals are thus
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mixed dynamically by the spin-orbit interaction. For Na,
when 4 =11.5 cm™!, this means that an out-of-plane or-
bital excited during an optical collision is rotated into the
collision plane in about 1.4 ps. In fact, due to the near
degeneracy®® of the 2II, ,» and 21, ,, states in Na~RG
molecules there are nearly equal excitation amplitudes
into each state; optical excitation then produces either an
in-plane or out-of-plane orbital, depending on the relative
phase of the excitation amplitude.

To apply this idea to the red-wing data, consider first
collisions of duration much shorter than 1.4 ps. Then the
optically excited orbitals either follow the internuclear
axis out to R =R, (for the in-plane orbital) or remain
fixed in space for all R (for the out-of-plane orbital).
Thus the red-wing polarization is high for this case, in
spite of the attractive trajectories, because the out-of-
plane orbital is not rotationally depolarized. This situa-
tion should apply quite well to Na-He optical collisions,
for a typical collision time is about 0.2 ps in that case.
The measurements of Ermers, Woschnik, and Behmen-
burg!? do indeed show a high polarization for Na-He.

For the heavier rare gases, the average collision time is
longer (> 1 ps) and the out-of-plane orbital is brought, by
the spin-orbit interaction, into the collision plane, where
it is subsequently reoriented by molecular rotation. Thus
the residual polarization in the red wings should become
increasingly small as the rare gas is varied from Ar to Kr
to Xe. This effect, in combination with the greater aver-
age deflection of the molecular orbitals for —A >0 exci-
tation, accounts for the small red-wing residual polariza-
tion seen in Figs. 3—5. The main difference between the
group II-RG and Na-RG results is then a much smaller
red-wing residual polarization in the latter case. This re-
sults from a molecular fine-structure coherence in com-
bination with the depolarizing influence of molecular ro-
tation. This effect, along with the more attractive col-
lision trajectories for red-wing compared to blue-wing ex-
citation, accounts for the considerably smaller polariza-
tion measured when A <<0.

V. CONCLUSIONS

The residual polarization in the 3p 2P, ,, level of Na,
following optical collisions with Ar, Kr, and Xe, has been
measured as a function of detuning from resonant excita-
tion. The polarization measured in the blue wing is
larger than that produced by red-wing excitation, but
otherwise varies weakly with detuning. This is in con-
trast with the fine-structure branching,'> which shows
strong variation with detuning. We conclude that
different mechanisms are important for determining the
polarization and the fine-structure branching.

By introducing a basis of real spatial orbitals for the
molecular II states, an elaboration of the qualitative ideas
behind the Lewis-Cooper model to include the spin-orbit
interaction has been made. This description has made
clear the important role of the spin-orbit interaction in
determining the red-wing polarization. In contrast, the



spin-orbit interaction has little effect on the residual po-
larization following blue-wing excitation. The variation
of the wing polarization with detuning and with rare gas
for Na—RG optical collisions has been qualitatively de-
scribed in a uniform way.
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