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The theory is presented for rotational excitation of T molecules by collisions with rare gas atoms. It is shown
that collision dynamics are described by the rwo electronic potential energy surfaces which correlate with the elec-
tronically degenerate A components (doublets) in the diatomic molecule. Because the +A degeneracy can alter-
natively be described as being in the rotational rather than in the electronic degree of freedom, one can reformulate
the collision dynamics in terms of a single ¢ffective electronic potential which then depends on @, the angle of rota-
tion about the diatomic uxis. The form of this ® dependence is found to be identical to that postulated to explain
experimental data for collisional transfer of laser-induced fluorescence.

1. Introduction

When an atom collides with a molecule, transla-
tional energy can be converted into internal energy
(i.e., rotational, vibrational, or electronic energy) of
the molecule. By measuring the probability (cross sec-
tion) for such energy conversion processes one can,
in principle, obtzin information about the intermolec-
ular forces which act during the collision. In practice,
however, such studies have been hindered both by
lack of detailed experimental data and also by inade-
quacies of the approximate theories used to relate
cross sections to intermolecular potentials. Recently
much progress has been made in overcoming the first
obstacle for the case of electronically excited alkali
molecules — Na,, NaLi, and Li; — in collisions with
rare gas atoms [1—8}. Many accurate cross sections
have now been measured for collision-induced transi-
tions between specific fine structure levels (A-dou-
blets) in the BT state, revealing interesting and un-

anticipated results. For example, the probabilities for
transition between neighboring A components of op-
posite electronic parity are generally different where-
as the probabilities for transitions to neighboring com-
ponents of the same electronic parity are equal within
experimental error. This leads to the so-called “AJ
asymmetry”’ in which the cross section for AJ = +1
transitions is not equal to AJ = —1, while AJ = *2 are
about the same®.

Progress towards understanding these collision
processes in terms of intermolecular forces has not

* Each rotational level in a !I state consists of two A compo-~
nents of opposite parity. For a homonuclear molecule colli-
sions can only connect levels with the same parity. Since
the overall parity changes with J as (~1)” it follows that
AJ = +1transitions must change the electronic parity, Le.,
must correspond to transitions between different A compo-
nents, while AJ = +2 transitions preserve the symmetry of
the A comporents. For heteronuclear molecules all colli-
sion-induced transitions are permitted. See ref. [1].
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kept pace with the experiments. Using various approx-
imate scattering formalisms, it has been shown that
many of the experimental results can be explained in
terms of potentials which depend not only on ', the
distance from the molecular center of mass to the
projectile, and ©’, the angle between P’ and the mo-
lecular axis, but also on &', the angle of rotation
about the molecular axis. (see fig. 1; primes will be
used to indicate coordinates measured relative to
molecule-fixed axes.) The first workers [1] correctly
realized that a ®'-dependent potential was necessary
to explain their cnergy transfer data and suggested
that such a dependence arises from electronic-rota-
tional coupling which orients the two A components
(doublets) differently with respect to rotation of the
molecule. Subsequently, Bergmann et al. {9] showed
that the AJ = £1 data for Na, could be fit within the
framework of the Born scattering approximation by
assuming a ¢’-dependent potential of the form
(e2i®” +¢-2i®). Poppe [10] pointed out that the AJ
asymmetry in this formulation arises from quantum
interference and has no classical analog. Data for
NalLi has been discussed in this same framework by
Ottinger [7]. A more exact quantum formulation for
scattering from this ®’-dependent potential has been
presented by Klar {11] within the framework of the
helicity representation (close-cougling).

All of these theoretical analyses have evaded a
crucial question: the origin of the &'-dependent po-
tential. It should be recalied that in the fixed-nuclei
(Born—QOppenheimer) approximation the electronic
hamiltonian is invariant to rotation about the molec-

Fig. 1. Nuclear coordinate system used to describe the colli-
sion.

ular axis. The diatomic wavefunctions — and hence
their interaction with a projectile — are therefore ex-
pected to show cylindrical symmetry for excited
states as well as for closed-shell ground states (where
such symmetry is taken for granted). This apparent
conflict can be resolved when one considers that these
fine structure transitions involve two electronic poten-
tial energy surfaces so that a descripticn in terms of
scattering on a single surface cannot be directly em-
ployed. Indeed the multiple potential nature of the
problem has been alluded to by Klar [11] and, morz
extensively by Ottinger [7}] although neither of these
authors actually considers scattering on the two po-
tential surfaces. Using the analogy to collisions be-
tween 2P alkali atoms and noble gas atoms, Bergmann
and Demtroder [3] khave also discussed two electronic
potentials including a qualitative description of colli-
sion dynamics on these surfaces.

In this paper we will develop the scattering formal-
ism for rotational excitation of I molecules. It will
be shown that the two A components of each rota-
tional level can be described alternatively as two elec-
tronic states or as one electronic state with two rota-
tional modes. In a similar manner it will be shown
that the two electronic potential energy surfaces for
the collision can be reduced to a single “effective” po-
tential surface. This is advantageous because methods
for computing excitation cross sections on single sur-
faces are relatively well understood compared with
the multiple surface problem. The ®'-dependence of
the effective potential arises naturally in this formula-
tion. In essence we are mapping the (discrete) elec-
tronic degree of freedom onto the (continuous) coor-
dinate which describes rotation about the internuclear
axis; in this context we note that the ®'-dependence
will be responsible for transitions between electronic
Born—Oppenheimer states.

The effective interaction potential is related in a
straightforward manner to the two original electronic
potential energy surfaces. Thus one can obtain the ef-
fective interaction within the frameworsk of ab initio
calculations which have been extensively developed
for computing electronic potential energies. The form
of the $'-dependence is found to bec identical to that
assumed in previous studies.

We will present the quantum: scattering formalism
in section 2 and indicate a naturai expansion solution
in terms of the correct asymptotic states. The asymp-
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totic forms for an atomic projectile and a ![T diatomic
target will be discussed in section 3. In section 4 the
interaction potential and matrix elements will be con-
sidered and it will be shown how these are related to
electronic potential energy surfaces of the combined
target—projectile molecule. Finally, in section 5 we °
will make some general comments on approximate
scattering formalisms which are appropriate to the
systems for which data is available.

2. Scattering theory

Because the collisions under consideration involve
more than one electronic state, it is appropriate to use
a quantum mechanical scattering formalism for which
we need the hamiltonian of the total system — target
plus projectile. For collisions in which the structural
identity (i.e., nuclei and number of electrons) of tar-
get and projectile remains unchanged, it is convenient
to write the total hamiltonian (in space-fixed coordi-
nates) as

= J{‘A(RA) +J(‘B(RB) +T(P) + V(RA’RB’P) . 2.0

¥ 5(R ) and Hg(RR) are hamiltonians for the sepa-
rate target and projectile and depend only on their re-
spective internal (i.e., nuclear and electronic) coordi-
nates. T(P) is the kinetic energy of relative motion
and depends only on the collision coordinate P, the
vector from the target center of mass to the projec-
tile. The interaction potential ¥V depends, in general,
on the internal coordinates R, and Ry as well ason P
and becomes negligible for sufficiently large P.

The quantum scattering problem, in the time-inde-
pendent formulation, consists of solving the Schré-
dinger equation for the total wavefunction at energy

(3R 5, Rp,P) — E1¥(R,,R5,P)=0. (2.2)

Because the system must asymptotically approach
target and projectile states as P — =, it is natural to
expand the total wavefunction as

W(R,,Ry,P)= 2}3 VARIVIRYL P, (23)
where

(R, — EMYAR,) =0, 2.43)

and
(3R ~ EF1U (R =0, (2.4b)

are Schridinger equations for separate target and pro-
jectile. Information about the collision is then con-
tained entirely in the radial functions f,-,(P). On substi-
tuting egs. (2.1), (2.3), and (2.4} into (2.2) it is appar-
ent that only the interaction V has off-diagonal ma-
trix elements and is thus “responsible” for causing
collision-induced transitions.

3. Asymptotic forms

For an ~tomic projectile the internal hamiltonian
is just the electronic energy

Ip(Rp) = K= Zi3[§v,?_zB/ri+l§ Uir=ri] (3.1)

where sums are over the electrons in the projectile, B,
r; are electron coordinates measured from the nucleus
and parallel to space-fixed axes, and Zy is the nuclear
charge. Atomic units™® are used here and throughout
the rest of the paper. The atomic wavefunctions then
correspond to the usual spectroscopic states. Because
J(eBl is invariant to rotations about the nucleus, angular
momentum will be a good quantum number. We re-
strict our attention to rare gas atoms so that electron
spin and orbital angular momenta are zero in the
ground state. Consequently we are able to ignore in-
ternal angular momentuin of the projectile.

The target hamiltonian and wavefunction are more
complicated than the atomic case since the internal co-
ordinates include nuclear as well as electronic degrees
of freedom. It is convenient to write the hamiltonian
as the sum of three parls

H, =K + 3P+ 3000, (3.2)
where J(ﬂ describes the kinetic energy of the elec-
trons and the potential energy of the electrons and
nuclei; 3%, the radial motion of the nuclei; and
3P, the rotational motion of the nuclei. To obtain
molecular wavefunctions one normally makes the
Born—Oppenheimer approximation of independent

nuclear and electronic motions (fixed-nuclei approxi-
mation). Then the total wavefunction is a product

* 1 au energy = 1 hartree = 27.21 cV.
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Y AR ) = ¥ECRIAP(R) YIYR) (3.3)

where r; are electron coordinates and R is the internu-
clear coordinate. Upon substituting (3.3) into (3.2)
and ignoring various nuclear—electronic cross terms,
the wavefunctions for the different degrees of free-
dom can be obtained separately. The electronic wave-
function satisfies a Schrédinger equation

{?(ivf —Z fir; ¥ [M, /(M + M, IRI
~2Zyfir, — IM_I(M_+M)RI+Z Z, /IRI

+,§,— 1ir, —rjl) - Ef,:(R)} SRY=0, (3.4)

and is seen to depend parametrically on the internu-
clear distance R = R, — Ry, because of the Coulomb
interaction between the nuclei a, b of charges Z;, Zy,
and masses M, M, and the clectrons i, where r; is
measured with respect to space-fixed axes from the
molecular center of mass. The vibrational wavefunc-
tion satisfies the radial Schrodinger equation

Bua V3 +ERRFERR)-ELIV°(R) =0, (3.5)

where 1, is the reduced mass of the molecule and
EXPY(R) represents the centrifugal potential,

ERYR) = W RIBRYOHY'(RY . (3.:6)

Here B(R) = (2uaR2)~1, and 0 is the rotational angu-
lar momentum operator of the nuclei, which may be
expressed in terms of the total angular momentum J,
the electronic orbital angular momentum L, and the
electronic spin angular momentum S as

0=J-L-S. 3.7

Molecular electronic wavefunctions (or approxima-
tions thereto) are generally obtained in a molecule-
fixed (i.e., a rotating) coordinate system with origin
at the center of mass and, for diatomics, with the z’
axis conventionally along the internuclear axis. (We
will designate rotating, molecule-fixed coordinates by
primes.) The electronic wavefunctions belong to irre-
ducible representations of the space symmetry group
of the nuclei — C__, for heteronuclear and D, for
homonuclear diatomics. Because the molecule does
not have spherical symmetry, the electronic orbital

angular momentum cannot be a good quantum num-
ber. However, its projection on the internuclear axis
is a constant of the motion and is designated by A.
States with A # 0 are doubly degenerate correspond-
ing to momentum in opposite senses about the axis.
{t can be shown that the electronic functions in rotat-
ing molecule-fixed coordinates have the form [12]

Uy ~ Fia 18137205305 =05 iy, 0oy —91)

X exp(ing)) , (3.8)

so that the charge distribution can be viewed asa
“rigid cloud” whose rotation about the intermnuclear
axis — and hence the electronic angular momentum —
is expressed entirely in the factor exp(tiAg}). in this
form it is explicitly clear that, within the fixed-nuclei
approximation, the electronic wavefunctions have cy-
lindrical symmetry, changing by at most a phase fac-
tor under rotation about the axis.

The vibrational wavefunctions are cigenfunctions
of a one-dimensional hamiltonian eq. (3.5) and can
therefore always be obtained, at least numerically.
Scattering theory for a vibrating rotor is a straightfor-
ward extension of that for a rigid rotor [13,14]. We
will henceforth simplify our notation 2nd discussion
by ignoring vibrational transitions and consider only a
rigid rotor.

In the presence of electron orbital or spin angular
momentum, nuclear rotational angular momentum is
no longer a good quantum number. Therefore, the ro-
tational wavefunctions, ¢ 2'(R) differ from the elec-
tronic and vibrational functions in that they do not
in general satisfy a Schrodinger equaticn. Instead one
chooses representations for wf‘(k) which are eigen-
functions of the most important part of the rotational
hamiltonian. For singlet molecules & = J — L so that

HIPYR) = BRY(J - L)? = BR) (42 - 2)

+B(RY(J,L_+J_L)+3BRYL.L_+L_L)),
(3.9)

where J,+ = L, since 0 is perpendicular to the intcr-
nuclear axis by definition. We choose to work in
Hund’s case (a) where the rotational wavefunctions
¥ sam(afy) are eigenfunctions of the first term in eq.
(3.9) and are recognized to be the symmetric top
wavefunctions with projection M on the space-fixed
z axis and projection A on the body-fixed z' axis.
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Thus
VA (@) ~ D (o) ,
and 5% in eq. (3.6) is given by

ERYR) = (U, lBR) 01y ) = BRI + 1)(—/\21),
: 3.11

(3.10)

where the expectation value of the second term in eq.
(3.9) vanishes and we neglect the (homogeneous per-
turbation) contribution from the third term. The
Euler angles affy which appear in ;4,4 relate space-
fixed and molecule-fixed axes. The angle vy, which
measures rotation about the z’ axis is arbitrary for a
diatomic molecule and we adopt the convention y=0
[15]. The electronic-rotation functions are then

A, ~ fin lexp(iAg))D 3y, (a50)
£ exp(—iAv)Dj;_, (aB0)]

= fin [Din (@B DA, (b)), (3.12)

where we have taken a linear combination of the de-
generate tA states so that A, also have well defined
parity. The electronic-rotation wavefunctions must
have definite parity because the target hamiltonian,
J( 5, is invariant to the inversion of all coordinates
through the origin. We note that the identity in eq.
(3.12) allows us to interpret the A degeneracy as be-
ing alternatively in either the electronic or the rota-
tional wavefunction, a point to which we will return
fater.

We now consider the effect of the two terms in eq.
(3.9) which were ignored. L, L_ +L_L, is a homo-
geneous perturbation which can only connect elec-
tronic states with the same A. Consequently, this has
the effect of slightly shifting an entire potential ener-
gy curve, so that it is generally undetectable by spec-
troscopic means; because no symmetry is changed, it
will also be unimportant for collision dynamics. The
heterogeneous perturbation term, J,L_+J_L,,
which arises from coriolis interaction, is readily seen
to connect states that differ by one unitin A. Fora [l
state this gives rise to a splitting between A compo-
nents when account is taken of the interaction with
neighboring Z states. A I state has definitive parity
(Z* or Z7) and the perturbation will connect it with
only one of the parity components of the A doublet,
shifting its energy relative to the unaffected compo-

nent of opposite parity. Like the homogeneous per-
turbation term, this term does not change the symme-
try of the electronic-rotational wavefunctions and
does not therefore significantly alter collision dynam-
ics. The energy splitting caused by this term will, of
course, affect the collisional energy transfer; however,
this splitting is negligible compared with thermal col-
lision energies, and thus the A splitting can be neg-
lected.

We show now that the electron density in the two
A components forms lobes as noted by Ottinger et al.
[1]. These lobes are directed along J or perpendicular
to J, and in both cases perpendicular to the internucle-
ar axis in the high J limit (J large compared to A).
The electron density distribution, when averaged over
the rotational motion of the nuclei, becomes

JAIA, sinBdBda ~ If,12[1 £cos24, SUMD],  (3.13)

where

2 T
SUM = [ +1)/an) [ da [sinpdp
D 0

XD 3 (@f0)D 3, 1(aB0) . (.19)

According to the vector model, the angular momen-
tum J precesses about the space-fixed z axis making a
projection M upon it. For M = 0, J must therefore be
in the (x, y) plane. However, in the high J limit, J
must also be perpendicular to the internuclear axis
and hence must lie in the (x’,»") plane. Thus J is along
the line of nodes (i.e., the ¥’ axis) for M = 0. In this
case S(J,0) = —1 (see appendix) so that eq. (3.13) be-
comes

JAI, sinBdBda ~ 1f, 2 (1 ¥ cos2¢))

=2 .
~17 250 } i (3.15)
1

Since ¢’ is measured from the x' axis and J lies along
»' for M = 0, we see from the above that the A, charge
distribution forms lobes directed parallel and perpen-
dicular to J, respectively. For M = J, J approaches the
z axis and hence the (¥',z") plane coincides with the
(x.y) plane in the limit of high J; thus J is along the x’
axis. In this case, S(/, J) = J/(J + 1) (see appendix) and



S. Green and R.N. Zare, Collision-induced A-doublet transitions 67

in the high J limit eq. (3.13) becomes

SN sinBdBda ~ 1f 2 (1 £ cos2e;)

Iflz{c"s “’1} (3.16)

sin“y

Here again the A, charge distribution forms lobes di-
rected parallel and perpendicular to J, respectively.
For intermediate Af values, the description of the clas-
sical motion is more complicated; however, it can be
shown that eq. (3.13) always reduces to cos2g and
sin?g distributions where the angle g is measured from
the precessing J vector.

This typical situation can be described in an alter-
nate manner. Rather than consider A; as two differ-
ently oriented electronic states, we can consider in-
stead a single electronic function by allowing for rota-
tion about two orthogonal axes. Thus we will arbi-
trarily fix the electron lobes along the x" axis

Xd"-flmcosmp'l, 3.an

and use the near-symmetric top rotational functions
which describe (in the high J limit) rotation about the
x" and y' axes

Kot~ DraleBn) £ D4y 5(@by). (3.18)

Thus the total electronic-rotation wavefunctions be-
come

R, ~ A COSAG [ Dhp BN 2Dy (@] . (3.19)

Note that the body-fixed axes in eq. (3.17) are not
identical to our previous definition, but must now be
chosen along the principal moments of inertia so that
we may use the rotational wavefunctions for the near-
symmetric top. We must also then reintroduce v into
the rotational wavefunction. Eqs. (3.12) and (3.19)
give two representations, A, and R,, for the electronic-
rotational motion which are equivalent; they give iden-
identical probability distributions and matrix ele-
ments.

4. Interaction potential

The interaction between target and projectile, ¥V,
depends in general on the intemal coordinates R
and Ry as well as on the collision coordinate P. Be-
cause ¥ has matrix elements between target and pro-

jectile functions a common coordinate system is de-
sirable, and, for the systems under consideration, it is
easiest to use the rotating, molecule-fixed diatomic
target coordinates (see fig. 1). In this frame, the pro-
jectile is at P’ = (P',@',®") where it is apparent that

P’ = P and that ©'®’ and ©¢ are related by the rota-
tion R(afy) which rotates space-fixed into molecule-
fixed axes [i.e., the Euler angles can be identified with
those in eq. (3.10)].

The largest interactions between a diatomic mole-
cule and an atom are electrostatic interactions; indeed
other interactions are not impoitant for the systems
under comsideration. The Coulomb interaction will
have off-diagonal matrix elements to excited electron-
ic states of both target and projectile, and these will
depend parametrically on nuclear coordinates. Thus,
despite the fact that only single electronic states of
target and projectile are of interest — i.e., we do not
consider electronically inelastic processes — the colli-
sion proceeds through virtual electronic excitations
of both target and projectile, and these excited states
must be included in the expansion of the total wave-
function, eq. (2.3). The problem can be greatly simpli-
fied by constructing a potential which acts only in
the space of the nuclear coordinates but which impli-
citly accounts for the excited electronic states of tar-
get and projectile. This is accomplished as usual by a
unitary transformation on the basis set to diagonalize
or partially diagonalize the offending operator. A sim-
ilar approach for atom—atom collisions has been
named the “‘perturbed stationary state” (PPS) meth-
od [16], and we adopt this nomenclature. In this
treatment

Hpgs = HEC AR, +HE(rg) + VR, R, P)  (4.1)

is just the electronic (Borm—Oppenheimer) hamilto-
nian for the composite A—~B “molecule™. Then ¥pgg
has a complete set of electronic states (potential ener-
gy surfaces in the space of the nuclear coordinates)
which spans the same space as the complete sets of
¥} and 3(g; indeed these two sets are related by the
unitary transformation which diagonalizes V.

As noted in scction 2 the interaction can “induce™
transitions to other states, so that one wants to work
in a representation in which the initial state is strong-
ly coupled by V to as few other states as possible; in
the PSS representation coupling to other electronic
levels is suppressed. At first glance, it may appear that
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the PSS representation has suppressed @/ coupling
among target levels; this is not so because H'2'(R, )
is not, in general, diagonal in this representation and
will cause transitions amongst PSS states. One might
be tempted to go one step further and diagonalize
A (R) + Hg(RR) + V(R 4, Ry, P) instead of just the
electronic parts. The difficulty here is t::at this trans-
formation will introduce complicated coupling terms
in the kinetic energy operator, 7(P). Note that carry-
ing this process one step further and diagonalizing the
total hamiltonian is of course just equivalent to solv-
ing the scattering problem. The point we are trying to
make here is that one wants to choose a representa-
tion for the full hamiltonian which is a2 compromise
between simplicity of evaluating matrix elements and
€ase of handling the collision dynamics.

The problem of computing the interaction poten-
tial is now reduced to obtaining Born—Oppenheimer
electronic potential energy surfaces for the triatomic
molecule, a tractable problem which has been exten-
sively studied. In discussing these PSS electronic
wavefunctions it is convenient to introduce a second
set of molecule-fixed coordinates, r’. To facilitate
comparison with the asymptotic states, we choose r”
to coincide as nearly as possible with 7. Thus we
choose a common origin and we define the z” axis to
coincide with the z’ axis; however, we choose atom B
to lie in the x"z" plane. Thus the PSS coordinates 7"
are obtained from the diatomic coordinates r' by the
rotation &’ about z' so that

o= +g". “.2)

The PSS electronic wavefunctions will belong to
irreducible representations of the space symmetry
group of the nuclei. Whereas the diatomic target has
infinitely many planes of symmetry, the triatomic has
in general only one (C, symmetry group) and this re-
duction in symmetry will play an important role in
the scattering dynamics. The PSS wavefunctions can
be labeled A’ or A" according to whether they are
even or odd under reflection in the plane of the nu-
clei (x"z" plane).

Because collision cross sections refer only to the
asymptotic behavior of a system, the nature of the

PSS electronic states as P’ - oo will be important. The
doubly degenerate diatomic states (A doublets) must

split under the lower C, symmetry (which has no de-
generate representations) into states that are even or

odd with respect to reflection in the x"z" plane
(which transforms ¢” to —¢"). The former will corre-
late with 4" and the latter with A" PSS states. For an
asymptotic target state with electronic momentum A
about the diatomic axis, the A’ state must transform
as cosAy" and the A” state as sinAy”. This symmetry
splitting is quite analogous to A-doubling where the
diatomic symmetry is removed by nuclear rotation
which also defines a unique plane through the nuclei.
It is important to note, however, that the A-doublets
and the PSS asymptotic states refer to spatially differ-
ent planes of symmetry: The PSS state to x"z" and
the A-doublets to x'z". These two sets are, of course,
related by a unitary transformation which depends on
the relation between r’ and r” coordinates, and it is
this fact which will lead to an apparant &'.dependent
interaction poteritial.

As noted, the PSS states asymptotically approach
diatomic states whose electronic wavefunctions (for
IAl = 1) depend on the azimuthal angle as

A'——cosy”, A"——sing". 4.3
oo CosY S sing 4.3)

> 00

On the other hand, the electronic part of the target
functions has the asymptotic form [eq. (3.8)]

A

e, A—ow e v’ “.4)

P'—'“’ s o0

+

Using the relation between PSS and target coordinates,
eq. (4.2), it is easy to find a unitary transformation
between the asymptotic functions in eqs. (4.3) and
(4.4), viz.

A, o0 ot g
(A )=2_”2(:—i0'_fe_i°v)(‘4")' (4.5)

1€

In the A, basis, matrix elements of J(pgg are

(A Hpgld ) =4 _1Hpedld d=3(E" +E")=4q,,
(4.6a)

(4, 1HCpegld P =(A_[Hpggld "

=%e—2i°'(E’—E")=q2 , (4.6b)

where Ei, the electronic energy of PSS state A/, isa
function of P’ and ©’. We have made an identification
of these matrix elements with the g, given by Klar
[11], thus specifying an explicit method for obtaining
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his parameters in terms of the PSS electronic poten-
tial energy surfaces.

We obtain our final expansion wavefunctions €,
by associating the appropriate rotational functions
with the 4, electronic functions so that we have a ba-
sis which goes asymptotically to the proper target
electronic-rotation states. By analogy with eq. (3.12)
we have

€, = 2- l/"[A (Dﬁ”(aﬂo)-FA mﬂ!—l(aﬁo)] - (47)

This transformation is nor identical to that discussed
by Klar due to the presence of the target rotational
functions. Matrix elements of Hpgg +3(Xtin the €,
basis are

(Eil&cpss +a_(ro le >_E;‘°l +qO = ZS(J M)(q2+q 2)
(4.83)

(6.1 pgg THIE) = £35(.M) (g_5—a;),  (4.8b)

where S(J, M) is the rotational overlap integral defined
in eq. (3.14).

Although we have identified the matrix elements
of Klar with the two electronic energy surfaces, it is
not yet apparent how these are related to “the poten-
tial ... in the body-{ixed system’ discussed by him.
Indeed, Klar does not appear to make this connection.
By analogy with our treatment of the A-doublet elec-
tronic-rotation functions, A, , we now seek an alter-
nate description, analogous to A, , which has a single
electronic function and two rotational states. We note
first that the linear combination (4 , +4_) asymptot-
ically approaches cosy’ while (4 ,— A _) asymptotical-
ly approaches siny'. We thus consider the functions

€, = 3(4 . +4_)[Dir (eB) +Da;_(efy)],  (4.92)

e l{A —A )[(Dﬂll(aﬂ?) +®h’_ 1(0‘&7)] .
Finally we use the identity
€, =1(d,—A4_Djpi(aby) + Dy _(abm)]
= (4, +A Dy @By +n/2)— D, (oBy +m/2)] -
(4.10)

If we change the overall phase of €, by m/2 we have
our desired basis set,

=3 +4 )DL (By)=DL] (aBy. (@4.11)
We have thus accomplished our desired simplifica-

(4.9b)

tion of reformulating the problem in terms of a single
electronic function,

27Y2(4, +4_)=A'cosd’ — A"sin®’, @.12)

with two rotational states. The rotational functions
are identical to those for the K-doublets of a near-
symmetric top with X = 1. The interaction potential
in this model is just the electronic energy which is
readily found to be

V(PO )= 3(4, +4_[Hpegld, +A )

=HETEY +YE - EN (B 4By (413)
The ®' dependence enters naturally in this picture
and is seen to have the form postulated by Bergmann
et al. [9] to account for the AJ asymmetry¥.

The above analysis ha¢ led to an effe:tive @'.de.
pendent potential despite our emphasis on the cylin-
drical symmetry of the diatomic target. To conclude
this section we will try to provide some more physical
insight into the origin of this phenomenca. The cru-
cial part of the analysis is the separation of rotational
and electronic motions and the subsequent ability to
choose a representation for these motions which in-
volves a single electronic state. This is possible only in
the high J limit where the A components can be de-
scribed as electron lobes aligned parallel or perpendic-
ular to the nuclear rotation vector, or, alternatively,
as electron lobes fixed in the molecular frame with ro-
tation parallel or perpendicular to the lobes. In the
latter picture one expects the interaction with 2
closed-shell atom to depend on ¢’, the azimuthal an-
gle of the projectile relative to the electron lobes; for
example one expects the interaction to be more repul-
sive if the projectile approaches in the plane of the
electron lobes than if the approach is perpendicular to
this plane. Thus the A" PSS state is expected to be
energetically lower, in general, than the A’ state. Since
we have only two electronic “stationary state” poten-
tial surfaces, we expect the collision to take place

T If one ignores excitation to clectronic states of differcnt A,
the expansion of the ' interaction potential in spherical
harmonics Y,,,(©,®©) has a range of I values determined by
the shape of £” and E”, but m takes on only the values 0
and 2. This is in contradistinction to the case of a general

(near) symmetric top where the range of m as well as of [ is
determined by the threedimensional shape of the potentiat

surface. (See, e.g., Verter and Rabitz {17].)
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adiabatically along the lower A" potential surface in
the absence of nuclear rotation. However, in the rotat-
ing molecule, J is firmly oriented relative to the elec-
tron lobes; as the projectile adiabatically approaches
it tries to align the electron lobes perpendicular to the
direction of approach, which is equivalent to exerting
a torque on J. Thus the projectile does not follow an
adiabatic surface, but rather forms a diabatic “super-
position” state which is seen from eq. (4.12) to be
just the geomerric projection of the A” and A" states
on the molecule-fixed A-doublet lobes (see fig. 2).
Hence the &’-dependent effective potential arises
from the conflict between electronic-rotational cou-
pling which tries to align the electron lobes relative to
the space-fixed direction of J and interaction with the
projectile which tries to align the electron lobes rela-
tive to its direction of approach.

(a)

(b)

Fig. 2. “‘Diabatic’ superposition state as a projection of sta-
tionary states on the A-doubiet lobes which are fixed along
the x’ axis: (a) projection of the A’ state, (b) projection of
the A" state. The internuclear axis is perpendicular to the
plane of the figure.

5. Collision dynamics

The quantum scattering formulation employed in
the preceeding theoretical development leads natural-
ly to the close-coupling [18] method for collision
dynamics; indeed eq. (2.1) embodies the basic expan-
sion technique of close-coupling. Despite recent
breakthroughs in numerical techniques for solving the
close-coupling equations, this method is tractable
— even with the largest available computers — only
for collisions which involve less than about a dozen of
the lowest rotational levels. The available alkali data,
however, involve rotational levels J = 10—-100, and it
is not currently possible to perform close-coupling cal-
culations for such systems. Fortunately, one expects
other, more approximate techniques to become valid
for such cases. In this section we will comment brief-
ly on the suitability of methods which have been em-
ployed or which might reasonably be employed for
those systems where data are available.

A number of proposals have appeared recently for
reducing the dimensionality of computations within
the close-coupling formulation so that current numer-
ical techniques could handle a significantly larger
number of rotational levels [19-21]. All of these rely
on approximate angular momentum coupling to par-
tally decouple the equations. The utility of such
methods for the systems under consideration depends
on the sensitivity of the interesting *‘propensity rules”™
to these approximations in angular momentum cou-
pling. Preliminary calculations (on other systems) us-
ing the method of Rabitz [19] indicate that unaccept-
able errors may be introduced this way. Although
these or similar techniques may ultimately prove use-
ful, it will be necessary to carefully check their valid-
ity for the systems of interest.

One of the most commonly used quantum scatter-
ing techniques is the Born approximation. Although
extremely simple, it gives remarkably accurate results
for some systems. It is particularly useful for weak,
long-range interactions and also for high collision en-
ergies. Unfortunately, its validity is at best marginal
for excitation of alkali mofecules at thermal encrgies.
On the other hand, being an approximate solution
— albeit in zeroth order — to the full close-coupling
equations, the Born approximation is expected to re-
flect at least the qualitative features of these colli-
sions. It is not surprising therefore, that Bergmann



S. Green and R.N. Zare, Collision-induced A-doublet transitions 71

et al. [9] were able to reproduce many trends in the
experimental data on the basis of a parameterized
Born treatment. One does not, however, expect that
the parameters obtained this way are quantitatively
related to the actual interaction potential, since they
must also contain information about higher-order ef-
fects ignored in the scattering approximation. Indeed,
Ottinger [7] has indicated that the potential param-
eters obtained this way do not in fact correspond to
reasonable potentials.

At energies where many quantum levels are acces-
sible, one expects classical mechanics to become a
valid description. Indeed classical trajectory calcula-
tions are known to adequately describe many aspects
of molecular rotational excitation in thermal colli-
sions. However, such calculations cannot, in general,
reproduce propensity rules since these reflect quan-
tum mechanical interference effects [22,23]. This
fact has been noted by Poppe {10} in connection with
alkali diatomic systems. Fortunately, one does not
have to entirely abandon the simplifications of classi-
cal mechanics in order to calculate propensity rules.
Rather, one can adopt a semi-classical description.
Miller has discussed a semi-classical treatment wherein
quantum mechanics is used only to account for inter-
ference effects between different classical trajectories
[24]- Other semi-classical formalisms are also possible.
For example, one can treat the relative collision mo-
tion classically while retaining a purely quantum de-
scription of the internal target states [25]. We believe
the most promising approach for calculating cross
sections for collision-induced rotation-fine structure
transitions would be a semi-classical description of the
collision process.
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Appendix
Consider the integral

2n ™
SUM) = [ +1)/4n) [ da [singdg
0 (o]

X D% (@B0) D%, _,(aB0). (A.1)

In (A.1) the D -functions are rotation matrices [26],
given by

D} (@B0) = exp(~iMa) iy (B) , (A2)
with the normalization
2 m
[/ +1)an} [ da [sinpdp
0 0
X D4 (@B0)D 50 @B0) = 1. (A3)

The di;’yv(ﬁ) are polynomials in powers of sing/2 and
cosf3/2 having the form

di @) = [(T+M) (I~ MY +N) (T - N2
M-s{ J*N \(J-N
X 20 -y S(J—M—S)( s )

X (cosB/2)¥5M*N (5inp2)*/-25-M-N . (A.4)

where the sum is over all values of S for which the bi-
nomial coefficients

(X I <
Y,  (X—-Y 1!
lead to non-negative factorials. Substituting (A.4) and

(A.2) into (A.1) and performing the integration over
da we obtain

S, M) = [(41)/2) [U+M MY+ - 1))
DR (A () () ()

X f (cosB/2)2S2T+2M (51 612y -25-2T-2Mgin g 43
0 (A.6)

(A5)

With the help of the identity {27]

S (cosBl2)?4 (sinp/2)*B sinB dB = 241BY/(4+B+1)!
0 @Aan

where 4 and B are non-negative integers, (A.6) be-
comes
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SU,M) = [ +M)! (I - YU + 1 — )]

xZ Dt (5 ) 05

J-1 (J+1) /( 2J
X (J—- M- T) T W\ ar+s+71) (A-8)
Eq. (A.8) can be evaluated in closed form to give
= IMI(27+1)
SUM=-1+ U (A9)

For the special case M = J, S(/,J) = J/(/ + 1); this can
be obtained trivially from ea. (A.8) since the double
summation reduces to a single term. For the special
case, M =0, S(J,0) = —1; this can be obtained most
simply by noting that D, = —D{)._l and using the nor-
malization relation to evaluate eq. (A.1).
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