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Internal-state distribution of Na2 produced by associative ionization collisions
between Na'(3p) atoms
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The distribution of internal states in Na2 arising from the associative ionization {AI) collisions,
Na{3p 'P3/2)+Na{3p 'P3/2)~Na2 +e, probes the general shape of the potential curves on which
the collision takes place. We compare the internal-state distribution extracted from experimental
data to those calculated from two sets of recently published potential curves. The results of the
comparison indicate that the incoming channels for the AI process follow attractive potentials in
the nuclear motion.

Associative ionization (Al) between excited Na atoms,

Na(3p P3/2 )+Na(3p P3/2 ) Naz+ +e

has become a popular test case for probing the nature of
fundamental inelastic collision dynamics. Recent experi-
ments have measured the rate of (1) as a function of ve-
locity for various combinations of electronic angular
momentum alignment and orientation. ' From these
measurements and a simple model of angular momentum
recoupling, we have educed the relative importance of
Na2 molecular-state symmetry classes contributing to
process (1). These experiments and their interpretation,
however, provide no clear indication of the general form
of the entrance channel potential curves nor of the funda-
rnental bound-free interaction coupling ionizing electrons
to the continuum. The experiments described in Refs.
1 —4 study the probability of (1) with respect to the
external-state definition of the colliding partners, i.e., the
atomic-state populations prior to collision. Another class
of experiments probes the internal-state distribution of
the product ions either by analysis of the recoil energy in
photofragmentation or by analysis of the energy distri-
bution in the ejected electrons. The latter technique has
enjoyed great success in characterizing both the entrance
channel potential curves and the bound-free coupling
term in ionizing collisions between metastable rare-gas
atoms and various atomic targets. The basic physical
picture underpinning the interpretation of these experi-
ments is that Penning and associative ionization are both
forms of molecular autoionization in which the final wave
function describing the nuclear motion is in a continuum
(Penning ionization) or is bound (associative ionization).
The nuclear and electronic motions are considered separ-
able (Born-Oppenheimer approximation), and the poten-
tial term in the Hamiltonian representing the bound-
continuum coupling is complex and local. The real part
of this term corresponds to the entrance channel poten-
tial curve and the imaginary part is denoted the "reso-
nance width" I . The resonance width reflects the loss of
scattering probability flux into the final ionizing channel.
The local nature of the potential is an approximation
based on the tacit recognition that the total-collision en-

ergy between noble-gas metastable atoms and their
partners normally lie well above the dissociation limit of
the final ionized species. Consequently, all of the bound
and many of the continuous product vibrational states
are available as exit channels. In the case of process (1)
only a few bound vibrational states near the Na2+ poten-
tial minimum are available, and Lam and George have
challenged the assumption of nonlocality in AI between
resonantly excited sodium atoms.

However, the issue of locality versus nonlocality of the
interaction can be overcome by applying a theory of
free-bound processes developed without recourse to the
local approximation. A theory of dissociative recombina-
tion (DR), a process related to AI by microreversibility,
has been recently presented by Giusti. ' In the case of
weak coupling to the continuum the cross section for AI
into a final vibrational level U' may be written

4I &X, (R)I V(R)IFd(R) & I'

&'
I I+~'y 1(X.(R)l V(R)IF, (R» I]' (2)

(3)

where V(R) is the bound-free coupling operator; X, (R)
and Fd(R ) the final bound and entrance channel continu-
um nuclear wave functions, respectively, K the wave vec-
tor for the entrance channel, and r a degeneracy factor
between initial and final electron states. The sum in the
denominator is over all open final vibrational channels.
We emphasize that (2) is independent of the local approx-
imation and relies only on the assumption of weak
bound-free coupling. Since the cross section for process
(1) is known to be small"' ( —10 ' cm ) and the proba-
bility for ionization estimated to be on the order of 0.1 or
less, application of (2) is appropriate. Although V(R) is
a function of the internuclear separation, it is usually
slowly varying compared to the oscillations of the nuclear
wave functions, X, (R) and Fd(R); we can replace V(R)
by its average V. Furthermore, noting that the sum in
the denominator is small compared to unity (weak cou-
pling), we write the approximate expression
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Thus we expect the internal-state distribution of the
product ion to be governed essentially by Frank-Condon
overlap factors between initial and final nuclear wave
functions. These factors in turn are sensitive to the
shapes of the initial Na2 molecular potentials along which
the collision proceeds. Equation (3) predicts that a mani-
fold of strongly attractive entrance channels will result in
a final bound vibrational state distribution contrasting
markedly with that arising from a manifold of repulsive
states.

In this note we compare Franck-Condon factors gen-
erated from two sets of potential curves: one set primari-
ly attractive and adiabatic (see Fig. I) the other, repul-
sive and diabatic with respect to excited Rydberg states
of Na2. ' (see Fig. 2) The distribution of Naz+ vibration-
al levels actually produced in AI collisions, extracted
from the photofragmentation spectroscopy of Ref. 7, is
then compared to the results of these calculations in or-
der to determine the general form of the potential curves
to which the nuclei are subject during the course of the
collision.

We calculate the vibrational-level distribution of Naz+
from the free-bound Franck-Condon overlaps using the
following procedure.

(l) For a given value of collision energy E, we first
determine the effective potential for each incoming
molecular state of Naz and the final state of Na2+ in the
AI process. The form of the effective potential is given
by

V,s.= V(R)+Eb /R

where b is the impact parameter and V(R) the
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FIG. 2. Repulsive molecular curves of Na2(3p+3p) taken
from Ref 14.

(electronic-state) potential curve. We average the impact
parameter by assuming invariant probability of AI from
b =0 to b „,with b,„set equal to 2 A, consistent with
the experimental results of Ref. 7.

(2) Having obtained the eff'ective potentials for all the
relevant states [using Eq. (4)], we numerically solve the
appropriate Schrodinger equations for the eigenvalues
and eigenfunctions of nuclear motion %(E) and %(v') of
the initial free (Na2) and the final bound (Na2+ ) states, re-
spectively.

(3} We then calculate all the Franck-Condon overlaps
between %(E) and LII(u') over the range of collision ener-
gies appropriate to the experiment in Ref. 7. We exclude
the two X states of Na2 which have negative reAection
symmetry X and 'X„because an approximate selection
rule forbids coupling of these states to the electronic con-
tinuum of the X~+ state of Naz+.

(4) In order to compare a calculated internal-state dis-
tribution with experiment, which was carried out in two
atomic beams crossed at 180', we weight the squares of
the Franck-Condon factors by the interbeam speed distri-
bution at 700 K. The appropriate relative atomic speed
distribution is given by'

F(v)=C'f dv, f du, f(v, )f(v, )5[v (u, +v, )]—

-0.25

=C exp( —mv /4k T)

X f du2 exp[ —m(u2+v/2)2/kT](v+v2)2u22,
0
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FIG. 1. Attractive molecular curves of Naz(3p+3p) taken
from Ref. 13.

~h~re f (u, ) and f (v2) are the Maxwell-Boltzmann speed
distributions in each Na beam, v is the relative speed
( u =

~ v, +v2 ~
}, and C is the normalization constant. The

relative velocity distribution is calculated and plotted in
Fig. 3.

(5) The experimental results of Ref. 7 show that Al pro-
duces vibrationally excited Na2+ with a fractional popu-
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FICx. 3. Interbeam speed distribution, two effusive beams
separated by an angle of 180'.

+2F('II )+6F( II„)+6F( 11 )], (6)

where F designates the square of the Franck-Condon fac-
tors corresponding to each incoming term of Na2. The
calculation is performed for all accessible vibrational lev-
els of Na2+ (U'=0 —18). In Fig. 4 we show the compar-
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FICx. 4. Distribution of vibrational-level populations of Na2+
ground-state Xg calculated from the attractive states in Fig. 1.
The shaded zone represents experimental results of Ref. 7, the
curve represents the calculation of the present work.

lation distribution increasing approximately linearly with
vibrational level. For a given vibrational level U' of the
final Na2+ electronic term ( X+ ), we sum over the
squares of the Franck-Condon factors arising from all
possible incoming terms on Na2. The summation is
weighted according to the statistical degeneracy

—,', [3F( X+„(o.o ))+F('Xs (o o ))+3F( X+„(7rvr))

+F('X+(crier))+6F( b, , )+2F('b, )+2F('Il„)

FIG. 5. Distribution of vibrational-level populations of Na2+
ground-state 'Xg, calculated from the b manifold of repulsive
states in Fig. 2. The shaded zone represents experiment results
of Ref. 7, the curve represents the calculation of the present
work.

ison of the calculated fractional vibrational state popula-
tion, arising from the adiabatic curves of Fig. 1, with the
experimental results (the shaded area indicates the limits
of experimental uncertainty). It is evident from Fig. 4
that the theoretical distribution derived from the attrac-
tive curves fluctuates within a zone increasing with vibra-
tional quantum number, whose slope agrees well with ex-
periment.

Figure 5 compares the same experimental results to a
vibrational distribution calculated from the repulsive
curves in Fig. 2. The manifold of states labeled "b" in
Fig. 2 arise from the strong interaction of singly excited
molecular orbital configuration o „(3s)o„s(nl), with the
doubly excited configuration constructed from o (3p),
o.„(3p), erg(3p), ~„(3p) orbitals. We choose these repul-
sive diabatic states to carry out the calculations. The re-
sults in Fig. 5 clearly show that the Na2 vibrational dis-
tribution calculated from the 6 manifold is at odds with
the experimental measurements.

The difference between the two cases stems from the
fact that the attractive curves (Fig. 1) produce rapidly
fluctuating incoming nuclear continuum wave functions
which overlap more effectively with higher-lying func-
tions of Naz+. The repulsive curves (Fig. 2) result in con-
tinuum nuclear functions that tend to accumulate around
a classical turning point with much less rapid fluctuation,
and thus overlap more efficiently with bound functions
closer to the Naz+ potential minimum. Comparison of
calculated and experimental vibrational distributions
therefore lends support to the characterization of associa-
tive ionization as occurring on essentially attractive path-
ways.
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