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Mechanism of collisionally induced transitions among fine-structure levels:
Semiclassical calculations of alignment effects in the Na-He system

Laurie J. Kovalenko and Stephen R. Leone®

Joint Institute for Laboratory Astrophysics, University of Colorado and National Institute of Standards
and Technology, and Department of Chemistry and Biochemistry, University of Colorado, Boulder,
Colorado 80309-0440

John B. Delos®
Physics Department, College of William and Mary, Williamsburg, Virginia 23185

(Received 10 April 1989; accepted 15 August 1989)

To gain insight into the mechanism of Na(3p)?*P;,,— P, , fine-structure transitions induced
by collision with He, we monitor the expectation values of the orbital- and spin-angular
momentum vectors, 1 and s, as a function of time along the trajectory, using a semiclassical
formalism. In a typical collision, (s) remains nearly space-fixed while (1) precesses about the
rotating internuclear axis. Thus, in the interaction region, the projection of (1) onto the
internuclear axis, (1 ), remains nearly constant, and the molecular alignment of the orbital is
preserved. We show how equations of motion for the classical analogues of these expectation
values agree qualitatively with the quantum equations of motion. A qualitative comparison is
also made with the Cs—-He system for which the spin—orbit coupling is much stronger. We
calculate cross sections for Na(*P;,,) + He—Na(?P,,,) + He as a function of the alignment
of the excitation laser polarization with respect to the asymptotic relative velocity vector. For

stationary pumping of the excited F = 3 hyperfine level, this calculation predicts that the
perpendicular alignment gives a cross section which is larger by a factor of 1.8 than that

obtained by parallel alignment.

I. INTRODUCTION

Collisionally induced transitions among fine-structure
levels have been extensively studied, but more can be
learned, especially in regard to alignment and orientation
effects and the mechanisms of the transfer. One of the sim-
plest cases is the process

Na(3p ?P,,,) + He—»Na(3p °P,,,) + He. (1.1)

A complete and rigorous theory of these processes involves
calculation of the full quantum wave function ¥ (R,r) de-
scribing the motion of the nuclei and of the active electron.
This “close-coupling” theory begins with an expansion of
the wave function in molecular electronic states, and ends
with numerical solution of coupled equations for nuclear
wave functions and numerical summation over coupled an-
gular momentum states. For process (1.1) (and others) this
theory has been implemented by Reid,! Pascale and Olson,?
and Lemoine, Robbe, and Pouilly, and it is known to give
accurate cross sections. However the formulation of the the-
ory and the long numerical codes are very complex and
physical insight can be lost.

A more intuitive, though less rigorous, semiclassical
model has successfully been used to treat these systems. Ni-
kitin* used a strong coupling approximation to obtain ana-
lytic formulas for the fine-structure transition cross sections
in the Na-Ar system. Masnou-Seeuws,” with Roueff ¢ nu-
merically solved more exact equations for the Na—He system
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using a semiclassical impact parameter method; this calcula-
tion was later refined by Masnou-Seeuws and McCarroll” to
take into account trajectory effects. More recently, Schmidt,
Bihring, and Witte® emphasized the importance of includ-
ing the spin—orbit interaction for electronic energy transfer
in collisions of Na* with Na™. ‘

The main goal of the present work is to obtain an under-
standing of the mechanism of fine-structure transitions. In
particular, we study the Na-He system for which the rel-
evant potential energy curves are known.® Using a semiclas-
sical model, we monitor expectation values of the electronic
orbital- and spin-angular momentum vectors, (1) and (s}, as
functions of time along the trajectory. The behavior of these
vectors can be interpreted in very simple ways. Also, we give
equations of motion for the classical analogs of these expec-
tation values, and we show that they agree qualitatively with
the quantum equations of motion. We then compare the Na—
He system to the Cs—He system, where the spin—orbit cou-
pling is much stronger.

As a consequence of our analysis, we provide a new level
of understanding of the concept of orbital locking.®'*!! This
concept is very old. In the context of collision processes like
(1.1), orbital locking and related ideas can be found implic-
itly in Refs. 4-7; however, in the context of molecular struc-
ture theory, related ideas can be traced back to the work of
Hund'? in the 1920’s and 1930’s. Therefore, it may seem
surprising that these concepts are presently objects of con-
troversy. Pouilly and Alexander!® have strongly challenged
the concept of orbital locking, saying “Perhaps the concept
of a locking radius should better be replaced by that of a
scrambling radius, inside of which it is impossible, quantum

© 1989 American Institute of Physics
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mechanically, to specify the orientation of the p orbital.”
Their work illustrates very well the fact that accurate quan-
tum calculations are possible, but an intuitive picture that is
consistent with such calculations is still lacking. Part of the
purpose of this paper is to provide such an intuitive picture.
The accompanying full-quantum calculation by Schatz, Ko-
valenko, and Loene!* confirms many aspects of our calcula-
tions, and directly addresses problems in the interpretation
given in Ref. 13.

In addition to our qualitative results, we calculate the
experimentally measurable alignment ratio, o /o, for Na
fine-structure transitions induced by collision with He. We
model a crossed beam experiment in which the Na atom is
excited by a linearly polarized laser propagating perpendicu-
lar to both atomic beams. The effect of the alignment of the
laser polarization vector with respect to the initial average
relative velocity vector has been measured for electronic en-
ergy transfer in other systems: the alkaline earth atoms Ca'’
and Sr,'® and Ne**.!” The Ca experiment has been studied
theoretically by Devdariani and Zagrebin'® using a semiclas-
sical method, and by Pouilly and Alexander'® using a full
quantum method. The Ne** experiment has also been stud-
ied with both semiclassical?® and full quantum methods.?’ In
all these experiments, the integral cross section is measured.
In this paper we also calculate integral cross sections. A re-
view of more detailed crossed beam experiments which mea-
sure differential cross sections is given in Campbell,
Schmidt, and Hertel.??

We first calculate the Na—He alignment ratio for the
hypothetical case that Na has no hyperfine structure. Our
result agrees well with a subsequent full quantum calcula-
tion presented in the accompanying paper.'* We then repeat
the calculation, this time for stationary pumping®® of the
F = 3 hyperfine level. This alignment ratio has not yet been
measured experimentally. As a check on our calculation, we
compute the total degeneracy averaged cross section and
compare it to both experiment®* and previous theory."’

We mention an aspect of our notation. The quantum
operator corresponding to, for example, the electronic orbi-
tal angular momentum vector is 1 (boldface); the matrix
representing this operator is | and its expectation value is (1)
(bracketed). The classical dynamical variable correspond-
ing to this quantum operator is 1 (overlined). The space-
fixed coordinate system, x', ', 2, is distinguished from the
rotating molecular coordinate system, x, y, z, by primes.

li. THEORY

Our approach is a modification of that developed by
Masnou-Seeuws and McCarroll.” The Na*-He system is re-
garded as a three-particle system consisting of a He atom, a
Na™ core, and an active electron. The motions of He and of
the Na™ core are described by classical mechanics, while the
motion of the active electron is described by quantum me-
chanics.?® Trajectories are generated such that total energy
and total angular momentum are conserved (nuclear kinetic
energy plus expectation value of electronic energy equals a
constant; the same holds true for angular momentum).

6949

A. Schrédinger equation for the electron

Let r be the vector representing the position of the active
electron relative to the Na™* core, and let R = R(¢) be the
internuclear vector, pointing from He to Na*. The length
and direction of R are given by polar coordinates
[R(2),0(t),P(2)] defined in the laboratory relative to the
asymptotic relative velocity vector. The Hamiltonian for the
active electron is

hER(D] =hy [5R(D] + A, (2.1)
where A [r;R(#)] is the electrostatic part of the Hamilto-
nian (also called the “Born-Oppenheimer Hamiltonian™),

2
ha [ER(D] = ——f—V% Ve (0 + Vs [ERO]

m
(2.2)

where m is the electron mass and /., is the spin—orbit term?®
by, = E(P))s. (2.3)

The wave function ¥, including spatial and spin variables,
satisfies a time-dependent Schrédinger equation

hV = i#id¥ /ot 24)
The Schridinger equation is reduced to a set of coupled
equations by expansion in a basis>’

V=Y ¢, (D¢ [ER(D], (2.5)
k

iﬁg;c(t) = {h[R(D] + V(1) -P[RN}ec(r) . (2.6)
Here h[R(?)] is the matrix representing the Hamiltonian
(2.1),

hy [R(0) ] = (;|h [ER(D ]|¢) , (2.7a)

and it is the sum of electrostatic and spin—orbit terms

h[R(1)] =h, [R(A] + hy, - (2.7b)
v(¢) is the relative nuclear velocity, and
VP, [R(D)] =v(d;| — i#iVrdy), (2.7¢)

represents the total rate-of-change of the basis functions
with the (vectorial) internuclear separation; i.e., it is the
matrix representing nonadiabatic coupling.?® (It arises be-
cause we use basis functions that rotate with the internuclear
axis.)

B. Born-Oppenheimer basis

The elements of the matrices h and P depend upon the
basis functions {#, (r;R)] that are chosen. Several choices
are possible. We choose the “Born-Oppenheimer” basis, in
which the states are eigenfunctions of 4, (r;R):

h,(t;R)$, (r;R) = €, (R)¢, (r;R) . (2.8)

The basis was truncated to the set of six states that corre-
lates at large R to the 3p configuration of Na. These states
can be labeled by two quantum numbers, A and o, which are
the components of electronic orbital and spin angular mo-
mentum about the internuclear axis. At large distances R,
these states become eigenfunctions of the isolated Na atom
Hamiltonian (excluding spin-orbit coupling)

J. Chem. Phys., Vol. 91, No. 11, 1 December 1989
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R— o

P (ER)=¢,, (KR) - W(r) Y, (6,4)|0)

—W(r)|liso) (2.9)

where W(r) is the radial electronic wave function for the Na
3p states and Y, (6,4) is the spherical harmonic (/=1)
defined relative to the internuclear axis. Likewise |o) is the
spin ket (o= + 1/2) also defined relative to that axis.
(Phase conventions on angular momentum eigenstates are
those of Condon and Shortley?%; the direction from He to Na
is the positive z axis.)

The eigenvalues €, (R) were computed by Pascale,
and we fit his numerical results to analytical formulas. We
should mention that the usual instinct is to fit the eigenval-
ues most accurately at small distances (R ~1 — 5a,), where
the forces are largest. However, in the present case it is most
important to fit the eigenvalues accurately at larger dis-
tances (R~ 8 — 17a,). It is in this region that the competi-
tion between the three terms h,, (R), h,,. and v-P(R) deter-
mines the transition probabilities. Moreover, we chose to fit
the sum and difference potentials, since the transition proba-
bility is mainly determined by the latter. Our formulas are
(in atomic units)

9,29

é.sum =€ + €n
— (3.566X10_4)8_0'23425R

+27908—~07711R 25 16[R 2039]e——~0.85R’

€air = €x — €
= 1.3547¢ —06972R

R + 0.25]e_ 1.14R
5.25 '

€.um 18 related to the spherically averaged isotropic interac-
tion between the active electron and He, while €4 is related
to the anisotropy of this interaction. This anisotropy causes
electronic (j,m;) transitions. The electronic energy curves
€; (R) and €;; (R) are shown in Fig. 1.

To calculate the matrix elements of h,,, and P(R) we
note that again we need accurate values mainly at large
R(8a, % R & 18a,) where these matrix elements are compar-
able to €; — €. The wave functions given in Eq. (2.9),
which are exact as R — «, should be sufficiently accurate in
this range of R to meet our needs.

Calculation of spin—orbit matrix elements in the Born—
Oppenheimer representation is then a familiar exercise. All
of these matrix elements are proportional to the value of an
integral,?® £, whose magnitude is determined from the spin—
orbit splitting in isolated Na(3p) atoms*:

AE=3=1720cm™},

(2.10)
- 7.336[

s0 £ = 11.46 cm™". The spin-orbit Hamiltonian matrix is
then

hy =&l's. (2.11)

Within the approximations used here, this matrix is indepen-
dent of internuclear separation.

The nonadiabatic coupling matrix P(R) consists of ra-
dial and angular parts:

32
28 -

= 00025

coliision

(10" hartrees)
)
T
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FIG. 1. Electronic energy curves for Na(3p) and He, without spin—orbit
coupling. Curves are fits to values calculated by Pascale: €, (R), € (R).
The average collision energy and the atomic spin—orbit splitting are indicat-
ed.

RPR 4+ 0P° 4 ¢P°.
(2.12)

p._ﬂpk_,_dg L9 ps_
dt d

In the truncated Born—-Oppenheimer representation used
here, all matrix elements of P® (“‘radial coupling” elements)
vanish,

Pj={¢;l — ﬁ—|¢k>— (2.13)
because the states ¢;, ¢, have different angular symmetry
(different values of A or o).

Angular couplings follow from the formula?’

OP° + gP?*= —Bj, + @(j, cos 8 +j, sin ), (2.14)

where j =1 + s is the operator representing total electronic
angular momentum.

The full 6 X6 Hamiltonian matrix is given in Fig. 2.

The advantage of this representation is that the largest
matrix elements [e; (R) and e (R)] are diagonal; this
makes numerical integration more efficient. However, the
basis states in this representation do not correspond to initial
or final states; those would be space-fixed atomic states, ei-
genfunctions of A, + A, for the isolated Na atom. Rotat-
ing (body-fixed) atomic states are characterized by quan-
tum numbers |lsjQ2), and they are related to the Born—
Oppenheimer states |/Asg) by Clebsch—-Gordan coeffi-
cients.?® Space-fixed atomic states are related to rotating
atomic states by d matrices.>’

C. Nuclear trajectory

Trajectories which conserve total energy and angular
momentum can be derived from the equations of motion>?
dR

, 2.15
ar (2.132)

J. Chem. Phys., Vol. 91, No. 11, 1 December 1989
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1,8, 1, +1/2 1,-12 0, +1/2 0,-1/2 -1, +1/2 -1,-1/2
/ € + E -— 3_A l l
1, +#12 [€n*+5 -3 2 Ny
_ x €5 _A £ B
1,12 2 T2 2 ) FIG. 2. The full 6 X6 Hamiltonian matrix
using the Born-Oppenheimer representa-
B* ¢ A B B tion. Basis functions are labeled [4,0). €,
0, +1/2 — T €:-3 < «7_; and €; are eigenvalues of the electronic
\2 2 Hamiltonian. § is related to the spin—orbit
coupling term and is equal t0 5.2 X 10~ a.u.
0. -172 B* B* g +A £ B A and B are related to the angular coupling
s~ V2 ) b A \z z terms and are equal to ¢4 cos(©), and
¢ sin(O) + IO, respectively.
- B £ £ .,A B
1, +1/2 % 7 € T -
B* B*
—1, ‘1/2 \/‘—2—' -—2-— En+—+3—:—
dv evaluated using Eq. (2.17) (taking into account the intial
HOY _ (Vo h[ER(D]) ) Ladmng
dt ’ value of J); hence time derivatives of R, vg, € and ¢ are
determined.?*
= —ch(®)Vh[R()]c(p), (2.15b)

where the matrix Vh{R(#)] has elements** (g;|{Vy
h[r;R(2)1} 4« ), and p is the reduced mass of the nuclei.
Equation (2.15) has the following physical meaning: The
force between He and Na depends upon whether the electron
isin the Z or the I state; since the electronic wave function is
generally a linear combination of £ and II states, we calcu-
late an average force (VgxA(r;R)) using the appropriate
weighting factors, which are the amplitudes c(z).

From Egs. (2.15) itis not hard to show that total energy

E=uv’/2 + (h(r;R( 1) (2.16)
and total angular momentum
J=N+j) (2.17)

are constants of the motion. (Here N is the relative angular
momentum of the nuclei, which has initial magnitude equal
to pvb.) Using the well-known formulas

N, =uR%psin*6, (2.18a)
N2 =u?R*(0% + ¢*sin® 9) , (2.18b)
equations for the nuclear trajectory can be derived
dR
= =g, (2.19a)
ar R
2

ﬁf‘.’i=<__a_"_> N (2.19b)

dt dR/  uR?
%: (N2 — N%/sin® 6)"?/uR ?, (2.19¢)
—‘&=N,/,LLR2sin2 6. (2.19d)

dt
These four equations of nuclear motion (2.19) are inte-
grated simultaneously with the six coupled equations for the

electron motion (2.6). At each step in time, expectation val-
ues {(d/3R)h[r;R(2)]) and {j) are computed, and N is

1. PICTURES OF THE EVOLUTION OF ELECTRONIC
ANGULAR MOMENTA

The theory described above is known to give a reasona-
bly accurate description of typical fine-structure transi-
tions.” To get a complete picture of the collision process, one
could for each impact parameter examine the trajectory gen-
erated from Egs. (2.6) and (2.19), and then examine the six
complex amplitudes ¢, (¢) as functions of time on this trajec-
tory. However, it is hard to learn very much this way (Fig.
3).

A simpler picture of the collision process can be ob-
tained by monitoring expectation values of the electronic
angular momentum vectors {1}, (s}, and {j) as functions of
time along a trajectory. Each element of these vectors is giv-
en by an expectation value, such as

(I.y =ct(®)l.c) (31

where |, is the matrix representing the component of the
electronic angular momentum operator along the rotating x
axis in the Born—-Oppenheimer basis. Using the approximate
wave functions, Eq. (2.9), these matrices are easy to derive,
and their expectation values can be computed at regular time
steps along the trajectory. Equation (3.1) gives the compo-
nents of these vectors in the rotating molecular frame of ref-
erence (z along the internuclear axis). Two Euler rotations
using the angles ©(z), ®(#) (which specify the instanta-
neous orientation of the internuclar axis) are then used to
give the components of (1), (s), and {j) in the space-fixed
frame.

In most of the calculations for these pictures we used a
moderately large impact parameter (b = 10 a,). We chose
initial conditions ¢, (#,) so that we could easily see the time-
evolution of (1), (s), and (j). (Our initial conditions do not

J. Chem. Phys., Vol. 81, No. 11, 1 December 1989
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t.ooo| R (a.u)
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FIG. 3. Probability, |c, (£)|? for being in each basis state, |4,0), as a func-
tion of time along a trajectory. (A few correspnding values of R are given
above the figure; note that R is not a linear function of time. ) Basis functions
are in order: |1,1/2),|1, — 1/2),/0,1/2),10, — 1/2),] — 1,1/2},| - 1, — 1/
2). This particular trajectory corresponds to the initial state |j,m;) = |3/
2,3/2), v=0.0009 a.u., and an impact parameter of 10 a.u. If the graph
were extended to even earlier times, |¢(#)|* would approach 1. At such
early times, the quantization axis for the molecular frame, z, is opposite to
the quantization axis of the space-fixed frame, z’. Hence the initial state is
equivalently expressed as |m] = L,m, = 1/2)or |[A = — l,o= — 1/2).

necessarily correspond to any easily attained experimental
situation.) We emphasize that the drawings in this section
depict the actual time evolution of the system, as computed
by the method described in Sec. II.

The exact evolution of the angular momentum vectors is
complicated, because it is determined by the relative magni-
tudes of three competing effects: the electrostatic fields of
He, spin—orbit coupling in Na, and the rotation of the inter-
nuclear axis over the course of the collision. First, it is easiest
to examine these effects one at a time by setting some of the
parameters equal to zero.

A. Electrostatic coupling only

Let us set the spin—orbit coupling constant £ to zero, and
freeze the motion of the nuclei by setting R =6 =& =0.
Initial conditions on the amplitudes ¢, (#) are arbitrary, and
we take care only so that (1) and (s) do not initially vanish,
and are not initially collinear. Then integration of (2.6) with
fixed nuclei leads to the result that (1) precesses about the
internuclear axis, while (s) remains space-fixed [Fig. 4(a)].
Thus the expectation value of the projection of 1 onto the
internuclear axis, (/,) = (4 }, is conserved. Somewhat sur-
prisingly, (1) traces out not a circle, but an elliptical cone;
the angular frequency for precession is w,, = (€5 — € ) /i
The anisotropy of the electrostatic interaction of the electron
with He couples the electronic orbital angular momentum to
the internuclear axis.

FIG. 4. (a) Influence of the anisotropy of the electrostatic interaction,
Ag,, 5, between the He and the Na. The spin—orbit interaction and the angu-
lar coupling terms in the Hamiltonian have been set to zero. The He atom is
represented by the ball at the upper left, the Na by its electronic orbital- and
spin-angular momentum vectors, (1) and (s). We see that (1) precesses
about the internuclear axis while (s) remains space-fixed. (1 ) is conserved.
Thus the anisotropy of the electrostatic interaction couples 1 to the internu-
clear axis, leaving s unaffected. (b) Influence of the spin—orbit interaction
term on the electron. The anisotropy of the electrostatic interaction and the
angular coupling terms in the Hamiltonian have been set to zero. We see
that both (1) and (s) precess about each other; their sum, (1) + (s), is a
constant vector, {j). Thus the spin-orbit interaction couples I and s to each
other. (¢) Anisotropy of electrostatic interaction> spin—orbit interaction.
The angular coupling terms in the Hamiltonian have been set to zero; how-
ever, the anisotropy of the electrostatic interaction term has been reinstated.
We see that (1) precesses rapidly about the internuclear axis while {s) pre-
cesses much more slowly about (1). Both {4 ) and (o) are conserved to a
good approximation; their sum, (1), is exactly conserved.

J. Chem. Phys., Vol. 91, No. 11, 1 December 1989
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B. Spin-orbit coupling only

Again freezing the nuclear motion, we now set €44 to
zero. This eliminates the anisotropy of the electrostatic in-
teraction, thereby eliminating the electrostatic torque on the
active electron. We reinstate the spin—orbit coupling by us-
ing the correct value of . We find that (1) and (s) precess
about each other at an angular frequency of o, = (3/2)¢/
#, and there is no coupling of (1) to the internuclear axis. The
cones traced out by (1) and (s) are approximately, but not
exactly, concentric about (j), which is conserved [Fig.
4(b)]. In this case too, the cones are elliptical.

C. Electrostatic and spin—orbit coupling

Still keeping the motion of the nuclei fixed, we now ex-
amine nonvanishing values of €,z and §. Two limiting cases
arise:

1. Spin-orbit interaction <anisotropy of electrostatic
interaction

The orbital angular momentum (1) precesses rapidly
about the internuclear axis, while (s) precesses much more
slowly about the rapidly moving (1) [Fig. 4(c)]. This be-
havior of (1) differs from that shown in Fig. 4(a) in that the
elliptical cone traced out by (1) itself precesses and changes
its eccentricity due to the influence of spin—orbit coupling.
The behavior of (s) differs from that shown in Fig. 4(b) in
that the cone traced out by (s) is scalloped due to the influ-
ence of electrostatic coupling; each scallop corresponds to
one precession of (1) about the internuclear axis. Note that
the sense of precession of (s) is opposite to that of (1). The
expectation value of the projection of both 1 and s onto the
internuclear axis, (1 ) and (o}, are nearly conserved, while
their sum, () is exactly conserved. (Here £ was taken to be
11.46 cm ™!, which is its value for the Na atom, and R = 10
a.u.)

2. Anisotropy of electrostatic interaction < spin-orbit
interaction

Orbital and spin angular momenta precess rapidly
about each other. Their resultant (j) = (1) + (s) precesses
slowly about the internuclear axis; (1) is conserved [same
behavior as in Fig. 4(b) except now (j) traces a cone about
the internuclear axis; its projection on that axis, (Q), re-
mains constant]. (Here we took £ = 369.2 cm ™! which is its
value for the Cs atom; R = 10 a.u.)

D. Angular coupling only

We now set the nuclei into motion, and set § and €4, to
zero. The coupled equations contain only the angular cou-
pling terms (2.14). The result is that (I} and (s) stay space-
fixed, as if the He were not there at all. Angular couplings
decouple the angular momenta from the internuclear axis.>’

E. All couplings together

With all couplings included, the behavior of (1) and (s)
depends upon the relative magnitudes of the three terms.
These relative magnitudes change through the course of the
collision. We now describe the sequence of events that is

characteristic of Na*-He collisions at b~10 g, v=9
X 10~% a.u. (~2000 ms~!) (kinetic energy = 0.0685 eV).
To simplify the picture (Fig. 5) we use a straight line trajec-
tory (the same initial conditions run with a 3-D trajectory
resulted in a scattering angle of only 14° and an out-of-plane
displacement of 2.5° over the course of the trajectory; the
qualitative behavior of the electronic wave function was un-
affected ). The figure shows several snapshots of (1) and (s)
over the course of the trajectory, projected onto the x'z’ colli-
sion plane (a) and the z'y’ plane (b).

(i) R~ o: electrostatic coupling vanishes and the in-
ternuclear axis is fixed. Spin—orbit coupling domi-
nates, 5o (1) and (s} precess slowly about each oth-
er; their resultant (j) remains constant (Hund’s
casee).

(ii) 20> R > 16: Electrostatic coupling is still negligi-
ble. The internuclear axis is rotating, but the time
required for the nuclei to move this distance is
much less than the spin—orbit precession time. An-
gular couplings dominate, so (1) and (s) stay near-
ly space-fixed (Hund’s case d).

(iii) 16> R > 3: Electrostatic coupling increases rapid-

ly as R decreases, and over a distance of about 2 a,
(between 16 a, and 14 q,) it overwhelms spin-
orbit coupling. In about the same range the elec-
trostatic coupling also overwhelms the angular
coupling. (Note that angular coupling depends
upon the impact parameter and the initial veloc-
ity.) Hence (1) begins precessing rapidly about the
internuclear axis, and as the axis rotates the cone

:%/
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>
v 10
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FIG. 5. A tyical trajectory. He is located at the origin of the space-fixed
coordinate system. The Na atom is traveling in the direction of v. (a) shows
projections of (1) and (s} onto the x’Z’ collision plane and (b) onto the y'Z
plane. The motion of (I} is seen to undergo one precession about the inter-
nuclear axis; during this same time (s) rotates by only ~90°. This results in
an overall change in the relative orientation of the two vectors, and thus a
change in (j). Therefore a fine structure transition has taken place.
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traced out by (1) follows it. (For b = 10 we see one
precession over the course of the collision while
for b = 8 there are about 5.) Let us use the phrase
“I-locking” to refer to this type of motion. The
spin, (s}, stays nearly space-fixed because the col-
lision time is much less than the spin—orbit preces-
sion time (Hund’s case b).
The collision partners pass through these regions on both the
incoming and outgoing parts of the collision (Fig. 5). (Tra-
jectories with other values of impact parameter give similar
behavior.)

In the Na*-He system jm; —j'm; transitions occur by
the following mechanism. Suppose the system begins in the
Jj=13/2 state, in which (1) and (s) are aligned with each
other. Then as a result of the collision, (s) stays nearly
space-fixed while the orientation of (I) is changed. It follows
that both the magnitude and the direction of (j) are also
changed by the collision. Change of orientation of (j) corre-
sponds to m; —m/ transitions. Usually a change of the mag-
nitude of (j) represents j—/’ transitions. However, we must
be a little cautious with this last statement: actually it is
change of (j2) that corresponds to j—j transitions; since
(j 2) # (j)?, it is sometimes possible for the magnitude of {j)
to change even when {j 2) does not change.

Now we examine the sequence of events characteristic
of Cs*—He collisions at comparable impact parameters and
somewhat lower relative velocities. We expect the Born-Op-
penheimer energy curves for this system to be qualitatively
similar to those of the Na*—He system. The important differ-
ence is that the spin—orbit coupling constant is 32 times larg-
er for Cs*~He than for Na*-He. For simplicity, we use the
same energy curves, and take £ = 369.2 cm™, b = 10 g,
and v = 500 ms~".

We find the following sequence of events:

(i) o >R > 16 a,: Spin—orbit coupling dominates. (1)
and (s) precess rapidly about each other; their re-

sultant (j) remains space-fixed because angular
couplings dominate over electrostatic couplings
(Hund’s case ¢, as in Fig. 5).

(ii) 16> R > 9%a,: Electrostatic coupling increases as R
decreases. It dominates over angular couplings but
remains small compared to spin—orbit coupling.

(j) begins to precess about the (rotating) internu-
clear axis (Hund’s case c).

In this collision, the magnitude of (j) stays approxi-
mately constant, but its orientation is changed by the colli-
sion. Hence j— ;' transitions are improbable, but m; - m;’
transitions have a large cross section.

If the impact parameter is smaller, then j-changing
transitions will again occur. Consider a collision with b~5
a,. As the atoms approach each other, they pass through
regions (i) (case e) and (ii) (case c¢) as before. Then:

(iii) 8 ay> R: Electrostatic coupling dominates over

spin—orbit coupling, and both of these dominate
over angular coupling. Hence, as in Fig. 4(c), ( 1)
precesses rapidly about the internuclear axis, and
(s) precesses more slowly about the rapidly mov-
ing (1) so both are locked onto the internuclear
axis, but (j) is not conserved (Hund’s case a).

TAVAN
/l 14\:/14 | |4\|~-

5 10 15 20
b (au.)

FIG. 6. Transition probabilities weighted by impact parameter vs. impact
parameter. The dotted line is the integrand of ¢ : 27bP(6;0; =0). The
solid line is the integrand of o,: mb[P(5;,0y = 7/2,¢x =0) + P(5;0,
= 7/2,¢; = ©/2)]. The oscillations correspond to how much (1) has pre-
cessed. For instance, minima result from trajectories where (1) undergoes
approximately an integral number of precessions.
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This situation is similar to that for Na*-He except in
one respect: in Na*—He the spin is nearly space-fixed, but in
Cs*-He it precesses about the internuclear axis.

V. EQUATIONS OF MOTION FOR (1), (s), AND {j}

All of the above pictures follow from direct solution to
the coupled Eqgs. (2.6) and (2.19), by monitoring expecta-
tion values of 1 and s as functions of time. Let us now consid-
er an alternative approach. We would like to obtain equa-
tions of motion for (1) and (s)—equations that give the rates
of change of (1) and (s) in terms of their values at each
instant throughout the collision.

In Sec. IV A we seek quasiclassical equations motion for
(1) and (s)—equations that can be written in Poisson-
bracket form with an effective classical Hamiltonian. This
classical Hamiltonian will be a smooth function of classical
dynamical variables of the system, but it will be constructed
from quantum information about the system. Specifically we
shall use the Born-Oppenhiemer eigenvalues €, (R) and the
spin—orbit coupling constant { to construct this classical
Hamiltonian.***” In Sec. IV B we will see how this quasiclas-
sical treatment differs from the correct quantum mechanical
treatment.

A. Quasiclassical equations of motion
1. The effective classical Hamiltonian

We begin from the matrix representation of the quan-
tum Hamiltonian (2.7b), (2.8), and (2.11),

h=h,(R) +{ls. (4.1)

The spin—orbit term carries over directly from quantum me-
chanics to classical mechanics. Let 1, § be classical orbital-
and spin—angular-momentum vectors for the electron. Then
the classical analogue of the spin—orbit matrix § Is is (obvi-
ously) the function £I°5.
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Problem: How do we convert the matrix of Born-Op-
penheimer eigenvalues h, (R) into a classical Hamiltonian
function? The numerical value of the classical electrostatic
Hamiltonian function must be equal to the electrostatic en-
ergy of the system at each internuclear separation. The quan-
tum energy levels depend upon A = |(/, )|/# (and parame-
trically upon R), so we expect that we can write a classical
Hamiltonian A,, as a function of 7, and R: h,, (,;R).

When 7, = + Afi, we take the classical Hamiltonian to
be equal to the energy-eigenvalue corresponding to that
vlaue of A:

hy( £ A#%R) =€, (R) . (4.2)

The symmetry implicit in this equation suggests that the
classical Hamiltonian should be a symmetric function of 7.
For intermediate values of 7,, the classical Hamiltonian
should smoothly interpolate between the eigenvalues. In
principle, any smooth interpolation is acceptable; we use a
polynomial. If there are / + 1 distinct eigenvalues €, (R) of
h.,,then we may take &, (I,;R) tobean I'® degree polynomi-
alin (7, )2, having coefficients p,, (R) that depend smoothly
upon R

- — I —
hy (LiR) = Y pm (RY()*". (4.3)
m=0
In the present case, / = 1 so
By (I;R) = €5 (R) + [6n (R) — & (R)](1,)*. (4.4)

Finally, we note that I, represents the component of the
orbital angular momentum about the rotating internuclear
axis,

=R, (4.5)
where 1is the classical angular momentum, and ﬁ( t) is the
unit vector along the internuclear axis (from He to Na).

\_Vg_ therefore write the full classical Hamiltonian func-
tion A(LS;R) in the form

RAER) =, (R()TR) +£15. (4.6)

2. Evolution of angular momentum vectors

Classical equations of motion can now be derived easily
using the Poisson-bracket formalism. If (7,77, ) refer to
classical components of the angular momentum vector along
space-fixed axes (x',y’,z'), then the important brackets are

[.1=1, (4.72)
and cyclic permutations thereof; also

[I, 5] = (4.7b)

[, S =af(7f )/l 1.1, - (4.7c)
[Here f (/; ) is any differentiable function.]

From these formulas one can derive

[L15] =sXI, (4.82)

[s15] =1xs, (4.8b)

[LRD>] = 2mR D> ! RxI. (4.8¢)

It follows that equations of motion for § and 1 are

ii_glx )

(4.9a)
dt

2 = [GLR) +£7] X1, (4.9)
where
- 8he,( R)
G(,Ry=R—_2 " 4.9
(/;R) 5 (4.9¢c)

G(TZ;R) is a vector that lies along the (rotating) internu-
clear axis. Its magnitude, |9k, (,;R)/3l,|, changes with
time as R and 7, vary. The vector G(7,;R) points from the
collision partner to the atom with the active electron when-
ever dh,, (I,;R)/dl, is positive, and it points in the opposite
sense whenever this quantity is negative. The specific poly-
nomial interpolation (4.4) gives

G(;R) =2[e (R) — & (R)JLR(D) . (4.10)

We note that G(7,;R) is an antisymmetric function of 7, ;
G(1,;R) points from Na to He when I, is positive and in the
opposite sense when J, is negative.

These equations of motion (4.9) describe the evolution
of the vectors 1(¢), s(¢). By examining various limiting cases,
we can see that these vectors have behavior simlar to that of
the expectation values (1), (s), as discussed in Sec. IIIL.

For example, if G(I,;R) = 0, then the equations of mo-
tion can be written in the form (with 3 =1+47%)

Zl EGXD, (4.11a)
ds

I =£(GX9), (4.11b)
Zt , (4.11¢)

soland s precess about the conserved j. For ¢ positive (“nor-
mal” order of spin—orbit levels, characteristic of atoms on
the left-hand-side of the periodic table), the precessionisin a
right-handed sense (right thumb along J, fingers curl in di-
rection of motion of I and §).

On the other hand, if { = 0, then the equations of mo-
tion are

ds

£s _p, 4.12
dt (4.122)
d =G(;R) XI. (4.12b)
dt

Hence § is space-fixed, and 1 precesses in a right-hand sense
about G(/,;R), which itself rotates with the internuclear
axis, varies in magnitude, and may even change its sense as
the collision proceeds. If the precession is rapid compared to
the rotation of G, then the cone traced out byTlocks onto the
rotating axis. It is also interesting to note that if 1 is perpen-
dicular to R, so /, = 0, then G = 0, and at that instant, this
classical treatment predicts that precession stops.

These quasiclassical equations enable us to predict the
sense of precession of the vectors without any calculation
(see figures).

B. Quantum effects

The quasiclassical equations of motion derived and dis-
cussed in the preceding section provide a helpful intuitive
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picture of the evolution of the angular momentum vectors
during a collision. In this section we ask what differences
exist between the behavior of the classical quantities and the
behavior of the quantum expectation values.

Quantum expectation values satisfy the equation of mo-
tion

d s 1 oF
2Py =iy <[F,h1>+<—>

4.13
at (4.13)

where F is any dynamical variable, and now [F,k] is the
commutator of F with the electronic Hamiltonian. It is easy
to show that the equations of motion for the quantum expec-
tation values of the spin- and orbital-angular momentum
vectors are:

—;it (s) = £ (Ixs)

d 1

— ) =—=([Lh,(;R 1.

dt(> l,ﬁ([7el(2) )]>+§<SX)
These quantities do not in general separate:

(Ixs) # (1) X{(s),

?lﬁ—< [Lha (L;R)]) £ (G URY X (1) . (4.14)

Because of this, the exact evolution of quantum expectation
values cannot be described by a closed set of equations like
(4.9). Therefore, the quantum evolution of (1) and (s) must
differ in some ways from the classical evolution of 1(#) and
s(2).

By comparing quantum calculations (such as those de-
scribed in Sec. IIT) with the predictions of the quasiclassical
equations of motion (4.9), we have identified the following
differences between quantum and quasiclassical behavior.

Electrostatic coupling: (1) The classical 1(2) precesses in
a circle about the internuclear axis; however, the quantum
(1(¢)) may trace out a circle or an ellipse.

(2) The frequency of precession of the classical 1(2) is
proportional to Z,; hence this frequency depends upon the
initial conditions. However, the frequency of precession of
the quantum (I(¢)) is fixed and equal to |e; — e, |/274A,
independent of initial conditions.

(3) If initially the classical 1(¢,) is perpendicular to the
internuclear axis, then d1(z)/dt = 0, and 1(z) is fixed; there
is no precession. Similarly, the quantum (1(¢) ) does not pre-
cess—instead it oscillates at the same frequency (the ellipse
traced out by (I(¢)) degenerates to a straight line).

Spin-orbit coupling: (4) Quasiclassical1 and § precess in
circular cones centered on their resultant j; however, quan-
tum (1) and (s) trace out elliptical cones that are not exactly
centered on their resultant {j). In either case, j or (j) is
exactly conserved.

We did not find any other important qualitative differ-
ences between quantum and classical behavior. In particular
we can prove that when (/, ) #0, the classical equations of
motion give the correct sense of precession (Appendix).
With these reservations, the classical equations of motion
provide an intuitive understanding of the evolution of the
quantum expectation values.

V.POLARIZATION EFFECTS

We now use the theory described above to calculate ex-
perimentally measurable total cross sections and alignment
effects for Na fine-structure transitions from thej = 3/2 lev-
el to the j = 1/2 level induced by collisions with He. Initial
conditions are chosen to correspond to those prepared by a
linearly polarized laser, and individual trajectory results are
averaged over impact parameter. We note that although Na
has hyperfine interaction®® (the nuclear spin, 7, is 3/2), its
effect is negligible on the time scale of the collision, and thus
we do not include the hyperfine term in the Hamiltonian;
however, the hyperfine interaction does affect the initial con-
ditions prepared by the laser.

Section V is organized as follows. In Sec. V A we calcu-
late the alignment effect for the hypothetical case of Na with
no hyperfine structure; we compare the result of this calcula-
tion with that of a full quantum treatment presented in the
accompanying paper. In Sec. V B we repeat the calculation
of the alignment effect, only now we include the hyperfine
structure of the initial state. One might expect this to dimin-
ish any alignment effect; however, there is a pumping
scheme using a continuous laser in which the alignment ef-
fect is just as large. Our treatment is specific to the system
under discussion. A comprehensive tensor algebraic treat-
ment of the effect of hyperfine structure on alignment cross
sections is given in Anderson, Gallagher, and Hertel.*® Fin-
ally, in Sec. V C we examine the effect of orbital locking on
the preservation of the initially prepared collision alignment.

A. Alignment effect neglecting Na hyperfine structure

We consider the case of exciting ground state Na from
the 2S},, level to the P, level with a linearly polarized laser
beam which propagates perpendicular to the plane defined
by the crossed atomic beams. The total cross section for sub-
sequent collisionally induced transitions to the P, ,, level is
to be measured as a function of laser alignment. In this sec-
tion, we temporarily neglect the hyperfine structure.

The initial relative coordinate vector R(? = — o« ) and
relative velocity v(f= — «) define the initial collision
plane. (The nuclear trajectory is only slightly deflected out
of this plane.*®) For the purposes of this calculation, it is
most convenient to define this to be the space-fixed x'z’
plane. (As always, the z' axis is the initial direction of motion
of Na relative to He, v.)

The electric field of the laser defines a line in space; the
direction of that line is defined relative to the space-fixed
frame by two angles (Og,¢ ).

Before laser excitation, the Na atom isin a 3s state witha
statistical mixture of m; = + 1/2. We first treat the case
where m; = + 1/2. If thelaser polarization is parallel to the
space-fixed z’' axis (6 = 0), then, from familiar selection
rules, the laser excites the atom to the state:

li,) = [3/2,1/2)®,

where the ket is labeled by quantum numbers [j,m; ) and § is
an indeterminate phase. Similarly, if the laser polarization is
aligned along the x' (or y') axis, the initial state is:

liy) = [ — (3/4)"7%3/2,3/2) + (1/4)'?|3/2, — 1/2)]€°,
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liy) = [(3/4)"2(3/2,3/2) + (1/4)7%|3/2, — 1/2) ]€®.
An arbitrary alignment of the laser gives the initial state:
lio6,) = [€08(Og) iy ) + sin(Oz){cos(dr) iy )

+ sin(gp) i, )} ]e”.
Asaresult of collision, any intial state, |}, is carried into
a corresponding final state, |/}, and the probability of ending
up in the j = 1/2 level is:

P(b) = |{172, + 12|} > + |[{172, — 12| |*. (5.1)

Obviously this transition probability depends on the laser
polarization, and we denote it P(5;0,¢.).

The distribution of impact parameters is cylindrically
symmetric about the average initial relative velocity vector
v. Therefore, to calculate the experimentally measurable
alignment cross sections, o and o,, we must incoherently
average the probabilities, P(5;0,¢5 ), over the azimuthal
angle, ¢, for each impact parameter, b. For the case of
parallel laser polarization,

27 oo
oy = [ dbs " ab[oPbi6s =040

Since P(b;0; = 0,4 ) is independent of ¢, we can write
this as

o, = JW db [27bP(5;0, = 0)]. (5.2a)
0

For the case of perpendicular polarization, the average over
d5 gives

o, = f db b [P(b;05 = 7/2,¢5 = 0)
0

+ P(b;0; = 7/2,95 = 7/2)] . (5.2b)

(The integral over & is summed numerically from b = 0.2 to
20 bohr with steps of 0.2 bohr.)

Plots of each integrand as a function of impact param-
eter are given in Fig. 6. The oscillations shown in this figure
should be experimentally observable if differential cross sec-
tions are measured. Minima corresond to trajectories where
(1) undergoes approximately an integral number of preces-
sions.

The cross section for a given O is

(5.2¢)

Similar formulas hold if the original Na spin state is
m, = — 1/2, and the same cross section is obtained.

For Na 3p 2P;, colliding with He with a relative veloc-
ity of 9X 10™* a.u., we calculate by the above method:

Oo, =c0s*(Oz)0; + sin?(0;)o, .

oy =75au’ o, =184au’ g, /0) =2.4.

This illustrates the substantial effect of laser polarization on
the cross section for this hypothetical case.

At the time of this work there were no previous theoreti-
cal calculations nor experimental measurements of the
alignment effect; a recent full quantum calculation (see ac-
companying paper) also predicts an alignment ratio of 2.4,
in good agreement with our value of 2.5. As an additional
check on our calculation we compute the degeneracy aver-
aged total cross section and compare with previous theoreti-
cal and experimental results.

6957

We do this both for the conditions above, where the
relative velocity is 9 X 10~ a.u., and for the conditions used
in previous work, where the temperature is given as 400 K.
[ Temperature and average relative velocity are related by
the expression v = (8 kT/mu)'/%.] Our results are:

+3/2

O, = 1/4

{0'3/2,mj-» 12172t O32m172, - 12}
my= —3/2

= 154 bohr?(43 A2) for T= 625K
= 148 bohr?(41 A?) for T= 400K .

This is in reasonable agreement with experiment?* at 450 K,
where although the cross section for j = 1/2 - 3/2 was mea-
sured, we can calculate the cross section forj = 3/2 - 1/2 by
detailed balance, which gives ~57 A2 From a similar semi-
classical calculation at 400 K by Masnou-Seeuws and
McCarroll” using a different potential, we again use detailed
balance to calculate a cross section of 43 A2, while from a full
quantum mechanical calculation at 400 K by Lemoine,
Robbe, and Pouilly,? also using a different potential, we cal-
culate by detailed balance a cross section of =50 A%

B. Alignment effect for stationary pumping of Na

We now consider the experimental case of stationary
pumping® of Na from the %S ,,, F = 2 hyperfine level to the
%P, ,,, F = 3 hyperfine level with a linearly polarized cw la-
ser. Again, the cross section for collisional transitions to the
2P, ,, level is to be measured as a function of alignment.

The “photon frame” (x",p",z") is defined to have the z”
axis along the laser polarization vector, the y” axis along the
direction of laser propagation, and the x” axis so as to com-
plete a right-handed coordinate system. The laser pumps
each of the five sublevels of the ground state ¥ = 2 level up to
the corresponding F = 3 sublevel (selection rule for linearly
polarized light: Am} = 0). Each of these five upper sublev-
els can then spontaneously emit to two or three lower sublev-
els (Amg =0, + 1). After about 15 such pumping cycles,
the initial distribution over mj states in the upper level is
narrowed to the stationary pumping limit. For Na, the inco-
herent distribution of hyperfine states, |F,m%), and the cor-
responding probabilities W, are

13,3):]3,2):|3,1):]3,0):(3, — 1):|3, — 2):|3, — 3)

= 0:,:19:20:49:4:0 .
The measured cross section is then a weighted average of
|F,m) state cross sections:

a=z Wm%am;. (5.3)

mF

Each hyperfine state, | F,m}), can be reexpressed in terms of
states, |F,m}), defined with respect to the collision frame
(x',y',Z') axes, using rotation matrices*' (the photon and
collision frames are related by the Euler angles © and ¢ )
with each |F,mjy) state a coherent superposition of
l,l,m;,m;) states. Thus, |F,m}) can be written as
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(Empy =3 5 3 ™AL, (Og) (m)m; | Emi) m),m;)

my m; mg

=Y |Fmgm;), (5.4)
mj

where the second relation defines the states | F,mj,m}) and I

is the quantum number for nuclear spin (I = 3/2 for Na).

The quantum numbers 7 and j are suppressed since they are

constant (j = 3/2 for this F = 3 level).

For this particular system, the hyperfine interaction
term is neglected in the electronic Hamiltonian. As a result,
each |m}) state is decoupled from the dynamics of the colli-
sion process, and so remains space-fixed over the duration of
the collision. In this special case, |F,m}) is an incoherent
mixture of pure states |F,my%,m}), so that the cross section
for each |F,mj) state is the sum of the cross sections O ity

for each of these |F,m},m}) states,

Oy = z O it - (5.5)
my

Evaluating Egs. (5.1)—(5.2) for the state | F,my,m}), we ob-

tain the cross section:

am;f',m; = 2 z [di,'nm}?(eE) ] 2| <m_;’m;|Em;7> |2am; 4

mj
(5.6)
a weighted average of the cross sections o, , for different

4

|m],m}) states. Note that in this expression, o, . is indepen-
7

dent of m; since as previously mentioned |m}) is decoupled
from the dynamics of the collision process. The cross sec-
tions o _, are calculated by the method described in Sec. V A;
we find that O3, =0_3,=232auvandoy,=0_,,=75
a.u. Substitution of Egs. (5.6) and (5.5) into (5.3) gives the
measured cross section as a function of alignment:

a(Op) =3 [2 W [dfn;m,é(eE)]z

7
my

mg

xS |(m,’,m}|F,m;.~)|2]am;. (57
For a more general, comprehensive treatment of initial state
preparation including hyperfine structure using a tensor
analysis of the density matrix, see Appendices A-D of An-
derson, Gallagher, and Hertel.*®

The alignment selected cross sections [0 = o(0°);
o, = 0(90°)] and alignment effect are computed from Eq.
(5.7) and are found to be

0'" =101 a.u.2 ’
o, = 180a.u.?,
0'1/0'" =1.8.

This illustrates the substantial effect of laser polarization on
the cross section, despite the initial preparation of a mixture
of hyperfine states.

C. Alignment preservation and orbital locking

Preparation of the initial Na 2P, ,, state with the laser
polarization vector parallel to the inital relative velocity vec-

tor results in an asymptotic = molecular state while perpen-
dicular laser polarization results in an asymptotic IT molecu-
lar state.*! Is the initially prepared asymptotic molecular
alignment preserved as the atoms approach each other? In
other words, if the asymptotic molecular state is £, does it
remain 2?7 This depends on the impact parameter. Take the
case of laser polarization parallel to the initial relative veloc-
ity vector. If b = O, clearly the orbital will remain parallel to
the internuclear axis all the way into the distance of closest
approach, and thus the system can be described as a X molec-
ular state throughout the collision. However, if b is large
enough so that the Na atom does not interact with the He,
then the orbital stays space-fixed so that it will be aligned
perpendicular to the internuclear axis at the distance of clos-
est approach, thus becoming a IT molecular state. For other
values of b an intermediate behavior is found.

Figure 7 shows the behavior of (1 ) = (I, /#), the expec-
tation value of the projection of 1 onto the internuclear axis,
over the course of various trajectories differing in impact
parameter. The initial state in this case®? is [j=3/

2,m; = — 3/2), where the axis of quantization is along the
initial relative velocity vector. Well before the collision, since
A = — m; asymptotically, (A1 ) remains essentially constant.

As the atoms approach each other, the internuclear axis ro-
tates while {m,) remains constant, resulting in a change in
(A ). Finally, orbital locking occurs when the anisotropy of
the potential overwhelms the angular coupling; (1) precesses
rapidly about the internuclear axis, conserving (4 ) and thus
the orbital alignment in the molecular frame. Orbital locking
is seen to occur in all the cases shown in Fig. 7; however, the
molecular alignment of the locked orbital depends upon b.
The smaller the value of b, the more the initial molecular
alignment is preserved.

Finally, we point out that although the asymptotic
alignment with respect to the molecular axis is not preserved

100
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0 42000
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FIG. 7. Behavior of (A1) = (I,)/# vs. time for the initial |j = 3/2,m;
= — 3/2) state over the course of three trajectories differing in impact
parameter. A few corresponding values of R are indicated for each trajec-
tory by the tick marks. Well before the collision (not shown) (4 ) is con-
stant; as the internuclear axis rotates, (/.) (the expectation value of the
projection of 1 onto the space-fixed z’ axis) remains constant while {1 )
changes. When the locking radius is reached (1) precesses rapidly about the
internuclear axis as it rotates, thus conserving (4 ). The sequence is reversed
on the way out. Note how the value of (1 } within the locking radius differs
with impact parameter.
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for large impact parameter collisions (b > 10), there is still
alignment specific dynamics, as seen from the large align-
ment effect in Fig. 6. The important point to consider is that
for these large impact parameters, as b increases the reten-
tion of orbital alignment with respect to a space-fixed axis
increases. Thus even at large impact parameters, the system
prepared with parallel laser polarization is very different
from that prepared with perpendicular laser polarization.

VI. CONCLUSION

We have obtained a picture of the mechanism for fine-
structure transitions induced by collision. Figures 4(a)-(c)
show how expectation values (1) and (s) change with time
under various conditions. For the case of Na*(3p) + He
collisions, the spin remains approximately space fixed, and
the orbital angular momentum “locks” onto the internu-
clear axis at a radius R ~ 14 a,. Here “locking” means that
(1) precesses rapidly about the slowly rotating axis. The
change of orientation of (1) relative to (s) results in 2 change
of {j), i.e., a fine-structure transition. For small enough im-
pact parameters, orbital locking results in preservation of
the initially prepared molecular alignment of the p orbital.

In hindsight, this intuitive picture is quite obvious, and
it certainly would have been obvious to the Old Masters who
studied molecular structure in the 1930’s. For example,
Herzberg’s'? Figs. 95-105 have some similarity to our Figs.
4(a)-(c). It seems, however, that today Herzberg’s figures
are often regarded as metaphorical representations of cer-
tain quantum coupling schemes (pictures that remind us to
combine certain simple products of angular-momentum
functions into various sorts of total-angular-momentum ei-
genfunctions). Our pictures are not metaphorical represen-
tations. Insofar as the theory discussed in Sec. II describes
the collision, we can say that the precession and locking of
(1) and/or (s) to the internuclear axis are real physical pro-
cesses, which are observable in principle, and perhaps even
observable in practice.

Finally, we have predicted an experimentally measura-
ble alignment ratio for this process: for stationary pumping
of the F = 3 hyperfine level with a linearly polarized laser,
o, /o, =18.
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APPENDIX: SENSE OF PRECESSION OF (I())

We consider the precessional motion of the expectation
value of the quantum angular momentum about the internu-
clear axis induced by the electrostatic Hamiltonian. Holding
the nuclei fixed, we define  to be the azimuthal angle of the
angular momentum relative to the internuclear axis

a=tan"'[{)/{L)]. (Al)

6959

The electrostatic interaction causes this angle to change with
time such that

sgn(‘;—(:) =sgn[(ey —es){)] .

This precession is in the same sense as that predicted by the
quasiclassical equations.

Proof: Since we are considering only the electrostatic
part of the Hamiltonian, without spin-orbit coupling, we
may ignore spin entirely. Then the system wave function can
be written in the form

(A2)

— i, — iegt,
V=c,e "Wy, +ce TV¥s

+c_e” Y, (A3)

wherec , and c,are complex constants determined from the
initial conditions.

Since these functions are eigenfunctions of /, with eigen-
values + 1,0, we find directly that

()= (e, [*—le_|"%. (A4)

Similarly, using the approximation (2.9), together with the
familliar angular-momentum ladder operations, we find that

{I,)= (%) [eolc® +c* )" ™ 1 cec.]

{1,)= (i‘/_) [cole®, —c* e r ™ —cc.] .

2.
(A5)
Now
da d d
Z_luryxLa)y - — 2 2.
o [<x>dt<y> @) dt<1x>]/<<lx> + ()
(A6)
Using (AS5), we find that this is
ig=2h|co|2(|c+|2— le_|*) (en — €5)
ar 0+ 1,y (A7)
[ 2l _
= <zx>2+<1,>2]<'z>(6" &) (A8)

The first factor is positive, so Eq. (A2) is proved.
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