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The theory of atomic associative ionization (AI) presented here is a many-channel treatment in-
corporating radial Born-Oppenheimer and Coriolis couplings among the reactant channels as well
as analogous couplings among the ionized, final states. Careful attention is paid to characterizing
the basis sets used to represent the pre- and post-collisional states, especially with regard to the
internal and relative angular momenta of the fragments. Particularly noteworthy in this context is
our use of a total angular momentum representation. This representation is excellently adapted to
the derivation of selection rules needed in the analysis of Al experiments involving atoms excited
into oriented hyperfine states by means of polarized lasers. Selection rules previously obtained by
heuristic means are derived more rigorously here. Finally, explicit and compact formulas are con-
structed for the lowest-order (two-state) approximation to the Al scattering amplitude and for the

first-order Born-Oppenheimer corrections as well.

I. INTRODUCTION

This paper is devoted to the theory of associative ion-
ization (AI), a collision process in which two atoms react
to produce a free electron and a bound diatomic ion. The
symbol i will be used to denote the composite initial elec-
tronic state of the two atoms; the state of the product dia-
tomic ion will be denoted by the symbol f. The Al event
then can be represented schematically as follows:

A(i)4+B(i)—> AB T (f)4e~ . (1.1

We'! recently presented heuristic arguments for a num-
ber of selection and sum rules applicable to AI. One goal
of the present investigation is the development of a
theory in terms of which the formal proofs of these rules
will be manifest. A second goal is the construction of a
theoretical apparatus that will facilitate the calculation of
Al cross sections, including corrections not accounted for
in previous treatments.

The theory presented here is a natural extension of the
projection-operator formalism that originally was adapt-
ed to collisional ionization by O’Malley* and subsequent-
ly refined by Bieniek.> According to this earlier theory
the atomic reactants approach one another along a single
Born-Oppenheimer (BO) potential energy curve E;(R).
Ionization occurs only after this reactant pair enters a re-
gion of the (E;,R) plane in which the bound initial elec-
tronic state becomes imbedded in the continuum associat-
ed with the final state, 4B *(f)+e~. While there is no
reason to doubt that this is the dominant mechanism by
which AI takes place, it is an oversimplified picture.
Corrections to the scattering amplitude for Al can result
from a number of other mechanisms. For example,
Coriolis coupling provides a way for the reactant atoms
to jump to a second BO state from which ionization then
may occur. We shall modify the earlier formalism to al-
low for the systematic incorporation of corrections such
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as this, a generalization which amounts to relaxing the
“two-state approximation” common to many projection-
operator formalisms.

Formulas for the scattering amplitudes appropriate to
Al usually® are expressed in terms of a basis labeled with
electronic quantum numbers and the quantum numbers
specific to the orbital angular momentum of the nuclei.
(However, see Ref. 4.) This choice is very natural but it is
neither the only possibility nor, for some purposes, even
the most convenient. Here the basis kets will be labeled
by electronic quantum numbers and by the quantum
numbers associated with the rotal orbital angular momen-
tum of the system. Although this choice makes the for-
mal analysis of AI slightly more difficult, it leads to at
least one substantial simplification. Thus, since (to the
neglect of spin-orbit coupling) the total orbital angular
momentum is a constant of the motion, it is to be expect-
ed that the transition operator for AI will be a scalar, di-
agonal in the quantum numbers associated with this
dynamical variable. We shall see that this is, in fact, the
case. Furthermore, by adopting the total orbital angular
momentum representation we are able to derive the pre-
viously mentioned selection rules for AI with far less
difficulty and with considerably greater mathematical au-
thority than previously possible:> the use of this basis en-
ables us to mimic formally the physical arguments
presented in Ref. 1.

Section II deals with some preliminary considerations,
including the establishment of notation. Then in Sec. III
we construct the basis kets of the total orbital angular
momentum representation. Section IV is devoted to a
projection operator analysis of AI, the results of which
are explicit formulas for the scattering amplitude. In Sec.
V the formalism is used to construct cross-section expres-
sions suitable for numerical calculation and proofs are
given of the previously mentioned selection rules for Al
Throughout the paper it is assumed that the atomic nu-
clei are distinguishable. The adaptation of the theory.to
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the case of indistinguishable nuclei can be made using the
format given in Ref. 1.

II. PRELIMINARY CONSIDERATIONS

Since all of the items in this section have been treated
elsewhere, our discussion will be brief: the reader is re-
ferred to the literature for details.®~® We begin by intro-
ducing laboratory-frame particle coordinates, all of
which are referred to an arbitrary but common origin.
The positions of the two nuclei are denoted by x , and xp
and that of electron j by x;. It is convenient to define the
alternative set of coordinates,

N
M, x +Mpxg+m, 3 x; |,
j=1

R=x,—x X, ="
A B> c
My

and

1
XN=—_—(MAXA +MBXB) .

2.1
M, 2.1

Here M ,, My, and m, are the masses of nucleus 4, nu-
cleus B, and an electron, respectively; M, is the total
mass and My is the total nuclear mass. It should be ob-

F VA N
«LR|V LR ) =8(r—r')8(R—R’)e> ’;{B
j=1
N
+
i,!'2=x |, —
I>j

with Z, denoting the charge number of nucleus a. Be-
cause it is of little importance to the processes treated
here, the very small “mass-polarization’ energy

N 2
EPJ‘

j=1

(1/2My)

in (2.4) will be neglected. Then, using the identity
1 1

—P%=Tr+——N?,
with

(R|T, |R)=8R_R) | — L 3 (R%p)

| Tg | = - - 21 R? R R

and

N=RXP;, (2.6)
we rewrite the Hamiltonian in the form

1
H=Tg+ 2“R2N2+He, . Q.7

Here H is the electronic Hamiltonian, equal to the sum
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served that I; has its origin at the nuclear, rather than
the total, center of mass.

Associated with the coordinates R and r=(r;,...,1ry)
are the “‘coordinate eigenkets”
N
ILRN=|R) )= |R)]] Ir;), (2.2)
j=1
with
R,,|[R)=R|R), (R|R)=8R—-R"), 2.3)

foplry=r;]1;), (r;|r;)=8(r;—1))5; .
Here, R, and r;,, are the coordinate operators corre-
sponding to R and r;. The subscript op will be dropped
when no confusion can arise.

The symbol H is used for the Hamiltonian specific to
the center-of-mass frame. Because we neglect spin-orbit
interactions, this operator is given by the expression

H=--P%+ |- § ;
- R m j=1pj

2

N
1
2
pi+V |+
2p e j§1 ! 2My

(2.4)

Here Py and p; are the momenta conjugate to R and r;,
respectively, and u=M Mz /(M ,+ Mp) is the reduced
nuclear mass. The potential energy V is defined by

Z4 Zp

T |

|(My/MyR—1,| © |(M,/MyR+r, |

) (2.5)

f

of the second and third terms of (2.4). Although all of
the electrons are taken into account here, the theory
would not be significantly different if H, were replaced
with an effective Hamiltonian limited to the valence elec-
trons.

Much of our analysis will be concerned with how wave
functions are transformed by rotations about the nuclear
center of mass. All rotations are defined in the “passive”
sense,’ that is, as rotations of coordinate frames rather
than rotations of particles. The rotation operator is
denoted by the symbol D (aBy), with a, B, and y the
Euler angles defined by Edmonds;® a and B are identical
with the polar spherical angles ¢ and 6, respectively.
These Euler angles are to be regarded as parameters
without dynamical significance.

It is well known that D (aBy ) has the explicit represen-
tation

ivK

. iBK,
h

h

iak,
h

D (aBy)=exp exp exp (2.8)

in terms of the laboratory-frame components of the total
orbital angular momentum operator
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K=RXPg+ X r1;Xp; . 2.9)
J

The single most important property of D (aBy) is that it
commutes with all scalar operators S, that is,

[D(aBy),S]1=0 . (2.10

Associated with D (afy) are the “rotation coefficients”
DX, (aBy) defined according to the prescription

DK\ (aBy)ogx={KM |D(aBy)|K'M’) . (2.11)

These objects satisfy the eigenvalue equations®

|

J' dtcosp) [*"da [ ¥ dy DG (aByIDig (aBy) =8m2K + 1)~ "ok xBuudog

III. ROTATIONAL-ELECTRONIC STATES

In this section we construct kets that later serve as the
bases for the scattering formalism of Sec. IV. These ob-
jects characterize both the electronic motion and the
heavy-particle rotational motion.

A. Bound states

First to be considered are the bound electronic kets
| AnR) characterizing the initial channels. These are
chosen to be eigenkets of H,, and of the internuclear vec-
tor R,, with which H, commutes. The quantum num-
bers n are eigenvalues of a set of operators fi that includes
the nuclear spin and the total electron spin. This set also
may incorporate other electronic operators such as pari-
ty. Associated with the electronic kets | AnR) are the
product kets, | AnR) | R) = | AnR)), defined by

(A'n'R' | QH,Q | AnR) =E ,,(R)8,.,8,,8(R'—R) ,
R-K|AnR) =#A | AnR)) ,

R,, | AnR)=R|AnR) ,

fi|AnR)=n |AnR)) ,

(3.1

and the orthonormality conditions

{ARR | A'n'R')) =8,,8,,8(R—R') . 3.2)

The operator R.K appearing here is the component of
total orbital angular momentum (or equivalently the
component of total electronic orbital angular momentum)
in the direction of R=R/R. Q is the projection operator
on a selected set of bound electronic states to be specified
in the next paragraph. The operators QH,Q, R K, Rop,
and (all the members of) fi form a mutually commutative
set. Furthermore, with a suitable choice of Q (see below),
the operators QH Q, R'K, and f all commute with

D (aBy).

The projection Q can be chosen in a variety of ways.
For our purposes, it is convenient to demand that (1) Q
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—m—a%—D};M,(aﬁy>=ﬁM'D;§M,(aﬁy) , (2.12)
—iﬁ%DﬁM,(aBy)=ﬁMD,{§M'(aBy) , (2.13)
332 aB 13 _32_4_3125 2°°SBa<f§ay
+K(K +1) [D¥\(aBy)=0, (2.14)
and the normalization condition
(2.15)

-

project onto a subspace that includes all bound electronic
states which are significantly populated in the associative
ionization process of interest, and (2) that Q commute
with D (aBy). The first of these conditions implies that
the minimal subspace associated with Q depends on the
relative kinetic energy and initial electronic state of the
colliding atoms. The second condition is not difficult to
satisfy, for once a particular state IxR)) has been
chosen for inclusion in the “Q subspace,” the scalar char-
acter of Q is assured by adding to this space all others
| xR")), obtained from it by rotations.

With Z the direction of the laboratory-frame polar
axis and R=(¢4,6), it then follows that
D~'(¢,6,0)| An,RZ)) is an eigenket obeying (3.1). We
therefore can make the identification

D~'(¢,6,0)| An,RZ)) = | AnR)) , (3.3)
and, in addition, conclude that the energy
E,,(R)=E,,(R) of the bound electronic state does not
depend on the orientation of the internuclear axis. (3.3)
also leads directly to the condition

{r,Ry| AnR ) =¢,,(r| R)S(R—Ry)

=¢,,(E| RZ)S(R—Ry) (3.4)

on the electronic wave functions
San(r | R)=¢,(r,1p ... ,15 [R),

associated with the antisymmetric ket | AnR)). In this
formula £ denotes the set of electronic coordinates ob-
tained when D (¢,6,0) is applied to |r,R)). (3.4) is an
expression of the well-known invariance of the electronic
wave function under an overall rotation. We shall call
the set of numbers £ the “molecular frame” (MF) coordi-
nates, for they specify the positions of the electrons in a
reference frame that has R as its polar axis. Indeed, R
and & may be used in place of R and r as coordinates
specifying the particle positions. Two points must be
made about this coordinate transformation. First, the
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electronic coordinates £ are, by deﬁni}ion, invariant un-
der rotations. Second, the coordinate R coupled with § is
the same pair of numbers (¢,80) as that associated with r,
but its dynamical significance is different. In the pair
(r,R), R represents the orientation of the internuclear
axis, and corresponds to an operator that is “conjugate’!°
to the nuclear angular momentum N. However, in the
pair (§,R), R indicates the orientation of the polar axis
of the diatomic quasimolecule, and corresponds to an
operator that is conjugate to the fotal orbital angular
momentum K. Subject to this understanding, we can re-
gard the two coordinate kets | £,R)) and |r,R)) as in-

cot6

K’=—# [dE [ dR|ER)) 2 in0

Here L=K—N is the total electronic orbital angular
momentum, 3,=(3/3¢)g ¢ ¢ and 3g=(3/9y)g 4,¢

From (2. 12) (2.14), (3.1), (3.5), and (3.6) it follows that
the required eigenkets of K%, K, R-Kandd may be writ-
ten in the form

| KMAnR ) =Ny [ d& [ dR |£R)

Dy (R)g,, (£ R2)

(3.7)
with DX, (R)=DX,,(4,6,0). The factor
Ng=[(2K +1)/ 47]'/? has been chosen so that these
basis kets satisfy the normalization condition

{K'M'A'n’'R’'| KM AnR ))

=R “28(R —R")8xxSpprOpadpn - (3.8

B. Continuum states

Our next task is to construct analogues of | AnR))
and |KMAnR)) appropriate to continuum electronic
states. These kets will be used to describe the scattering
channels (cf. Sec. IV) specific to the products of AI. As
in the case of | AnR)), we begin with an electronic state
| AcgqR) and the associated product ket |AcgR)
= | AcgR) |R). Here ¢ includes quantum numbers n
like those of |AnR)), along with others soon to be
specified. ¢ is the “asymptotic wave number” charac-
teristic of the translational motion of the ionized electron
when it is far from the AB* ion. As implied by the nota-
tion, the ket | AcgR)) satisfies the last three of Egs. (3.1).

One could identify the kets | AcgR) with continuum
states of the N-electron Hamiltonian operator H,, that
is, with solutions of the Schrddinger equation
(H, — E)¢¥=0 specific to one or more unbound electrons.
However, this approach is fraught with difficulties, not
the least of which is the horrendous task of constructing
these N-electron wave functions. The alternative scheme
which we adopt replaces the true continuum with an ap-
proximate continuum, each state of which is represented
by the (antisymmetrized) product of an (N —1)-electron
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terchangeable, provided that r and £ are related to one
another by the connection mentioned above.

We now can use the | AnR)) as building blocks for a
basis set that includes the heavy-particle rotational
motion. For this purpose it is convenient to have at our
disposal kets which are eigenstates of K? and K, as well
as of R'K and fi. The two operators K, and K? are given
in terms of R = (#,6) and £ by the expressions

K,=—i#d, (3.5)
and
. 1 2
LR. 2 L R| . (3.6)
‘ﬁR L |+35+ eyl b (&R
-

state of the “free” AB* ion and a continuum orbital
characteristic of an electron interacting with an 4B ion
in an unperturbed, “electronically frozen” state. (Since
multiply ionized states play no significant role in the AI
processes of concern to us here, they are ignored.) The
remainder of this Sec. III B is devoted to a detailed char-
acterization of this ‘“frozen-core” basis of continuum
electronic states.
We begin by introducing the AB™, ionic analog of
| AnR)). This ket, | A;n;Rm)), is antisymmetric on
the product space of the N — 1 numbered and sequentially
ordered electrons 1,2,...,m—1,m+1,...,N. The
quantum numbers A; and n; are ionic analogs of A and
n, respectively. The kets | A;n;Rm)) are required to
satisfy the characteristic equations
{AnR'm | Hy(m)| Ayn,Rm))
=E} . (R 8,14 8,1, SR—R),

ﬁ'L(m) I AInIRm )) =ﬁAI I AIn,Rm )) ’

fi(m) | A;jn,Rm ) =n; | Ajn,Rm)) , 0o
R, | AjnRm ) =R |A;nRm)) ,

and conform to the orthogonality conditions

(A Rm |AjnjR'm ) = SA RL ,B(R-—R’) . (3.10)

I

The operator L(m) appearing in (3.9) is the total elec-
tronic orbital angular momentum less that of electron m.
The operators H,(m) and fi(m) are defined similarly.

It is evident that the rotational transformation proper-
ties of the | A;n;Rm)) are the same as those of the
| AnR)). Consequently, these kets can be written as

| A Rm Y= [ d&(m) | EmR NS , (E(m)|R2Z),
(3.11)

where Em)=(&,,...,En_1Em41»---»En). The ionic
wave function ¢f\l,,l has the same form regardless of the

choice of m. Finally, the coordinate R appearing in
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| E(m)R)) is conjugate'”
K(m)=K—r,, Xp,,.

The next step is to combine the (N — 1)-electron kets
| A;n;Rm)) and the spin kets | 1M, ,m ) of electron m
into composites,

| Arq/Rm ) =

to the angular momentum

2 <SIMSI'%M2 ISMS>
MSI’Me

X | A Rm ) [ IM,m) , (3.12)

that are eigenstates of the N-electron spin operators S?
and S,. Here S; and Mg, are the quantum numbers cor-
responding to the electron spin of the 4B ™ ion and to its
projection along the laboratory-frame z axis. M, is the
projection quantum number associated with the spin of
the unbound electron m and S and My are the spin quan-
tum numbers of the entire, N-electron system.
(S;Mg; LM, | SMg ) is a Clebsch-Gordan coefficient. Fi-
nally, g; is the set of quantum numbers consisting of S,
Mg, and all members of n; except Mg;. Therefore,
| A;q;Rm)) incorporates the spin of electron m and is
an eigenket of the electronic operators S%, S,, and
R-L(m) as well as of all the operators be]ongmg to the
set i(m), save S,(m).

The basis kets of the frozen-core approximation to the
continuum now may be written in the form

| AcgqR) = A[ | A;q;Rm ) | ghu(A;q;)Rm )]
N
=N—l/2 2 (=1

m=1
X | qAu(Arq )Rm ),

)m+1 | AIqum ))

(3.13)

with | gAu(A;q;)Rm) a one-electron ket on the space
associated with the translational degrees of freedom of
electron m. The set of labels ¢ consists of the eigenvalues
g; and the two indices A and p associated with the un-
bound electron; A=A, +u, cf. (3.16) below. We require
the one-electron kets to be orthogonal to the bound and
ionic states, that is,

(A'n'R | gAp(A 9, )Rm )=0
and
(A7qiRm' | gAu(A;q;)Rm ) =0

for m=%=m'. In other words, the wave functions

(A q

Sorl (&, | RZ)=(E,, | gAp(Asg ) Rm)
are constrained to be orthogonal to all of the molecular
orbitals used in constructing the electronic bound states
of AB and AB*. The physical interpretations of the in-
dices A and u are apparent from the asymptotic condition
ot (£ |R) ~ 771

m

(3.14)

X {expligr,, +i(ayq)~'In(2gr,,)
+i7hy]i~}\yx,‘(’fm )&

+éi(r,, | R}, (3.15)

DUMONT M. JONES AND JOHN S. DAHLER 37

to which the one-electron wave function is required to
conform. Here a, denotes the Bohr radius, ¢;, an incom-
ing wave, and Y, (T)g, a spherical harmomc referred to a
coordinate frame with its polar axis along R. Although
the angular momentum of the unbound electron is not a
constant of the motion, its component along R is con-
served. Consequently, the good quantum number y is re-
lated to A; and A by the connection

A=A +p . (3.16)

The orthogonality constraints upon the continuum or-
bitals, together with the normalization conditions (3.10)
and

(qkﬂ(A,ql JRm I q')\’.u'(AIQI )Rm ) =81A/8#‘u'8(q —'q’) )

(3.17)
imply that
((AcgR | A'c'g'R' ) =8,,8,.8(qg —q")8(R—R’) .
(3.18)

These relationships are, in turn, sufficient to ensure that
the objects

c,=3 qu de | AcgRD{(AcgR |, p=(A;q;)
A
(3.19)
satisfy the conditions
C,C,=C,C,=5,C, (3.20)

(with §,,, =6, .6

AN} g
onto the singly 10mzed N-electron configurations associ-
ated with specifically designated states of the AB™* dia-
tomic ion.

The approximation we make is to replace the exact
complement of the bound-state projection operator

Q=3P ,
q

,) required of projection operators
9

(3.21)
= f dR | AnR)AnR |, g=(An)
with the projection operator
P=3cC,,
»
(3.22)
cp=Az [ dq [ dR | AcqRN(AcqR|, p=(Aq;)
y"
onto a set of singly-ionized frozen-core states. To com-

plete the prescription for these states we define the con-
tinuum orbitals of the frozen-core basis to be those which
satisfy the equations
(A;q;R1|H, —E(Acq;R)| AcgR) =0, (3.23)
with
E(Acg;R)=Ej , (R)+1#%q*/2m,

To aid in the interpretation of this prescription we ob-
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serve [from the definitions (3.19) and (3.22)] that
PH,P | AcgR))

3 3 C,H,C,- ] | AcgR )
< <

=3 f dg' |A'c’gRN{(A'c'q’R| H, | AcgR) .
Ac’

(3.24)

Consequently, (3.23) is equivalent to the requirement,
1

ﬁZ
" 2m VE_[E_E
e

o (RIHV, o (£ R) [0l (e [ R)+ [ dr'K, o (5,0 R)$oLM
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[Hec—E(Acq;R)]| AcgR ) =0, (3.25)
that | AcgR)) be an eigenket of

(3.26)

HFC=(PHelP)d= 2 CpHde
p

the frozen-core, diagonal fragment of the operator PH P.
This operator Hg is the part of PH, P that is diagonal in
the polarization couplings; in other words, it is the part
of PH P to which the ionic wave functions are invariant.

The defining equations (3.23) or (3.25) can be written in
the alternative forms

r|R)=0, (3.27)

qin

which closely resemble Hartree-Fock equations. Here £ —E ,I\’ql (R)=#%q?/2m, is the kinetic energy of the unbound

electron, and VA,q, = VA,quﬂ:

Vot |R)= [ de(1)[¢,(x(1) | R)]* U;¢,(x(1)| R)

and

Kylr,ri [R)=—(N =1 [ dr(1){[$,(x(1) |R)]* Hyd(x(2) | R)}S(r, 1) ,

respectively. [Recall that dr(l)=dr,dr;---dry.] In
these expressions
t=(Al’q1) ’
¢A1q,(r(m)|R)=(r(m) | A;q;Rm) ,
and
N e? Z e Zge?
U= 2, Te—6.1 TE-RR,| 1&+R
ma2 |61—6m | € —RR | |§i+RRp |
(3.30)
withR ,=R(M , /My)and Rg=R (Mg /My).

The first term of (3.27) is descriptive of an unbound
electron interacting with an AB™* ion in the state
¢{\1"1(r( 1) | R). The exchange term arises from the indis-

tinguishability of the free electron from those that are
bound. According to (3.27) the wave function of the un-
bound electron will be very small at separations r for
which the effective potential energy is positive and
greater than #2q%/2m,; when the orbital angular momen-
tum of this electron is large, the centrifugal barrier
#A(A+1)/2m, r? prevents it from drawing near to the
ion. Indeed, because the other energy operators appear-
ing in (3.27) are short-ranged potentials and exchange in-
teractions, the potential energy of the unbound electron
is dominated for large values of A b}( the centrifugal and
Coulombic terms. Therefore, ¢q AT | R) will be small
whenever r is less than the critical value r* defined by
AMA+]) 2 #q?

3.31)
2m,r**  r* 2m, (

By rearranging this we obtain for r* the formula'!

and K, , =K, g Agq; BT€ diagonal elements of the Coulombic and exchange operators

(3.28)
(3.29)
f
r*=q '{—(ao9) '+ [(apq) T+ MA+1)]"?} . (3.32)
For modest values of the electronic energy, e.g.,

#q%/2m, S0. S ev, r* is greater than molecular dimen-
sions, e.g., 3 A, even for values of A as small as 3. This

means that the wave function ¢qA 141 (r|R) will be large
in the immediate vicinity of the ion only if the value of A
is very small, namely, O, 1, and 2. Conclusions that can
be drawn from this observation will be discussed in Sec.
V.

The boundary condition (3.15), the normalization con-
dition (3.17), and the requirement of regularity at the ori-
gin combine with Egs. (3.27) to fully specify the continu-
um orbitals of the frozen-core model. The ‘“‘incoming
wave” included in the asymptotic boundary condition
(3.5) is determined in the course of solving the wave equa-
tion (3.27).'? This term will involve a number of spheri-
cal harmonics, Ylu(?)f{’ because the angular momentum

of an electron subject to the noncentral field of the dia-
tomic ion is not a constant of the motion. A procedure
for generating solutions to equations of the type (3.27)
has been given (in the exchange-free approximation) by
Itikawa, '? and he and his collaborators have performed a
number of calculations using this scheme.!>!* A
Coulomb wave is the solution of the equation obtained
from (3.27) by discarding the exchange operator K Ag

and replacing V"zqr with the Coulombic potential

characteristic of a single point charge. This is the ap-
proximation which has been used in virtually all calcula-
tions of the rates of chemi-ionization processes.

Combining the three equations (3.11), (3.12), and (3.13),
we obtain the formula
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r,, |R), (3.33)

IV. FORMAL SCATTERING THEORY

2922
| AcqR) = [ dr|r,R) A[gh , (x(m)|RIG4L" (x,, |R)]
= [ dE|ER) L8} , (E(m) | R2)pgl" (€, | R2)]
—4 [ dr,, [ d&m)|Em),r,) |R)$A , (Em)| R2)bgrl"
with
¢f\lql(r(m) ' R)= z <SIMSI%Me !SMS>

Mg .M

e

X G, n, ((m) [ R)X (1200, (0 )

(3.34)

and where X, 5y (0, )=(0,, | ;M,m ) denotes the spin

wave function of the unbound electron. Here and else-
where in this paper we suppress the spin coordinates of
bound electrons. In its first appearance in (3.33), R is
“conjugate”'® to the nuclear angular momentum, in the
second it is conjugate to K, and in the third it is conju-
gate to K(m).

It is worthy of notice that ionic (N — 1)-electron opera-
tors such as L(m), $3(m), and S;,(m) can be imbedded in
the space of operators for N equivalent electrons. The
quantum numbers of the frozen-core kets | AcgR)) then
can be interpreted as pertaining to the bound electrons
but not to any particular set of them such as
1,2,...,N —1. Thus, for example, #iA; can be identified
as the eigenvalue of | AcgR)) associated with the N-
electron operator

A A N
R-L;=R- ¥ B(m)L(m)B(m) .

m=1

(3.35)

This is defined in terms of projectors,
B(m)=3 qu f dR | AcqRm )){AcgRm | ,
A,c

(3.36)
onto the set of frozen-core continuum states

| AcqRm ) = | A;q;Rm )) | gAu(A;q;)Rm )

with electron m unbound.

Our final task is to construct the continuum analog of
the bound-state kets | KM AnR )). These are related to
the | AcgR)) by the formula

| KMAcgR ) =Ny [ dRDX,(R)|AcgR) . (3.37)

With the help of (3.33) this can be rewritten in a form
| KM AcgR )
=Ng [ d& [ dR |ERNDK,(R) 4
I A g (Ag)) ~
><[¢Alql(§(m)le)¢W, (€, |R2)],

(3.38)

which is directly comparable to (3.7).

Now that the necessary preliminaries have been estab-
lished we can proceed with the construction of a scatter-
ing theory of associative ionization. This section deals
mainly with formal matters; the construction of detailed,
explicit formulas is deferred to Sec. V.

The fundamental object occurring in the theory of Al
is the transition matrix element (f | T |i), an explicit
integral representation of which is given by the expres-
sion

(f|T|i)=(® (fq) | PHQ | ¥ (ik))) .

This formula can be derived by the same methods used to
obtain Eq. XIX.120 of Ref. 11. The kets | ¥*(ik)) and
| ®~(fq))) appearing in (4.1) are solutions of the equa-
tions

(H—E7)|¥*(ik))=0, [H=(P+Q)H(P+Q)]
4.2)

4.1)

and

(Hpp—Ez) | ®(fQ) ) =0, (Hpp=PHP), (4.3)

respectively. Whenever it results in no confusion the
symbols |¥)) and |®)) will be used in place of
| W*(ik)) and |®(fq)). In (4.1)-(4.3) the + (—)
superscript refers to the conventional outgoing (incom-
ing) boundary condition of scattering theory. The com-
posites i and f refer to the internal quantum numbers of
the initial and final states, respectively, while k and q are
the initial and final free-particle wave vectors. P=3,C,
and Q= 3, P, are the projection operators introduced in
Sec. III; we recall that

PQ=QP =0, P’*=P, Q?=0, P+Q=1, (4.4

and that the sums over p and ¢ are limited to
configurations judged to be of importance to the particu-
lar collisional event under consideration.

The kets |¥*(ik))) and |®(fq))) soon will be
more fully characterized. Indeed, much of the analysis
will be concerned with how to construct Q |¥)) and
| @), given the basis sets of Sec. III. The formal theory
consists, in essence, of selecting an appropriate
projection-operator scheme and then solving the associat-
ed equations. The particular scheme that we adopt asso-
ciates an effective Hamiltonian operator with each chan-
nel. Inspection of these operators allows a number of
qualitative predictions to be made without involvement
in detailed numerical calculations.

The basic equations of the projection-operator formal-
ism are obtained by applying Q and P to (4.2). In terms
of the conventional notation, QHQ =H,, etc., these
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equations are
(Hpp—E7)P | W) =—HpyQ | ¥)) . '

The solution of the second of (4.5) is given by the formula

PIW)=G/HppQ |¥), (4.6)
wherein
G =(Ep—Hpp+ie)™!, e0%. 4.7

This solution satisfies the asymptotic boundary condition
required of any inelastic channel, namely, that it consist
exclusively of outgoing waves. By inserting the result
(4.6) into the first of (4.5), we obtain the equation

(Fop—Er)Q |¥N) =0, (4.8)
with

(4.8) is the governing equation for the projection of | ¥ ))
onto the Q subspace. The operators contained in %y,
account for coupling between the bound and continuum
electronic states. Because of this coupling the operator
ﬂQQ is non-Hermitian and there is an associated,
collision-induced flow of amplitude from Q space to P
space.

To obtain equations describing the motion in a particu-
lar channel the projection-operator method must be ap-
plied again, this time to (4.8). Thus, by introducing the
decomposition

Q|¥YN=P, |¥N+N,|¥), (4.10)
with N, defined by the equation
N=Q-P;, (4.11)

we obtain (in an obvious notation) the coupled equations

(ﬂii_ET)Pi IW»=_-7{1NN1|W» ’

(H oy —ErIN; | W) =—H P, | ¥) . 12
From these it follows that
(Hi—Er+ 3 3 HimGhaHa)Pi | ¥N=0, (4.13)

m (3£0) n (i)

and

P;| w>>=1(§,)Gj,+7{,,-Pilw>>, JFi (4.14)

i

with

Gy =P,[N(E;r—Hpo+ie)N;,17'P, . (4.15)
The formal solution to (4.13) is
P; | W(ik)))

=[(1-G* 3 3 H,;GifH, | '|¢vruk),

Jis£D) (5D
(4.16)
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with G;* =P,(Ep—%#,;+ie)"'P,. The ket |¢*(ik)))
= | ¢¥)) (note our use of a lower case psi) appearing here
is a solution of the equation

(Hi—Eq) | ¥»=0. 4.17)

Equations (4.14) and (4.16) provide the desired formal
prescription for determining the motion in each bound
channel—expressed here in terms of the motion in the
designated initial channel i. Several features of these re-
sults deserve comment. The operator #; is an effective
Hamiltonian specific to a single, bound electronic state i
that is coupled to a collection of continuum states (those
of P space). The other operators, such as #,, G, #,,
are contributions due to couplings between different
bound states. Some of the strength of these couplings is
attributable exclusively to the bound states but a part
pertains to the continuum, cf. (4.15) and the definition
(4.9). This projection-operator scheme is convenient for
it allows us to handle the (possibly strong) bound-
continuum coupling in a formally exact fashion. It also
produces compact expressions for the presumably small
corrections due to bound-bound transitions.

We now shift our attention to (4.3) and the associated
electronic continuum final state. The procedure parallels
that just used in our analysis of the bound channels. We
denote by p(f) the value of p =(A,;q;) connected with
the selected final state f. The corresponding projection
operator is C,=C, and its orthogonal complement
within the space of continuum states is N, =P —C . The
equation satisfied by C, | ®~(fq))) can be obtained from
(4.3). It is found to be

Hiy+ ¥ 3 HpgoHy—Er |Co| @ (f@) ) =0,
p(#f) q(#f)
(4.18)
with Hpq=CpHCq’ quz p(fig> Hff=HP(f)p(f)’ and

8y =C,[N;(Er—H —ie)N,;]"'C, . (4.19)

The notation p+~f is an abbreviation for ps£p (f).
The solution of (4.18) is given by the formula

Cr D (fq))

=|1-g7 3 3 HpguHy | 7o (fQ)),
P(+£f) q(f)

(4.20)

with g =[Er—H —ie]™' denoting the final-state
propagator. The frozen-core scattering state | ¢~ (fq))
(note that this is indicated by a lower case symbol) is a
solution of the equation

(Hp—E7) |6~ (f@) ) =0, @.21)

which satisfies the usual “collapsing-wave” boundary
condition.

The remaining projections, C,|® (fq))
p+#p (f), are given by the expressions

C, D (fQN= 3 guH,Cr| P (fQ) . (4.22)
q(f)

with
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The two formulas (4.20) and (4.22) relate the dynamics in
P space to that of the single final state | ¢~ (fq))).

We now can write detailed expressions for the transi-
tion matrix elements. The results of the previous para-
graphs enable us to express each transition matrix ele-
ment in a form that explicitly illustrates the various path-
ways by which the designated initial and final states are
connected. From (4.1), (3.21), and (3.22) it follows that

(fIT|i)=CP(fq)| PHQ | VT (ik))
=33 (P |C,HP; |¥)) . 4.23)
P

J

(f|T,|i)=(®|CHP;|¥)),
(fIT|i)=3 3 (| CH,GiIH P | V),

Ji) i)
(fIT3]i)=3 3 (®|C/H g H, P |¥),
p(Ef) q(+f)

<f|T4[i'>= 22 2 2 «q)|cfopng§quij7{1iPi!‘I’»-

Gl (D) p(s££) (1)

These formulas involve only the two kets P; | W)) and
C; | ®)), which are solutions of (4.13) and (4.18), respec-
tively. It should be noted that {(f |T,|i) depends
linearly on the operators #;, which take explicit account
of Coriolis couplings between the selected initial state
and other bound electronic states. The operators H, ap-
pearing in {f | T | i) incorporate similar corrections to
the frozen-core approximation.

The final objective of this section is to display the
dependence of the transition matrix on Coriolis (¥ ) and
final-state (H,,) interactions in a systematic, order-by-
order format. To accomplish this we combine (4.16),
(4.20), and (4.24) to obtain the formula

(FITID=K$~(fQ) |77 | 47N
with

(4.26)

= [1— 2 2 prgququF}_ltfi
pl#f) q(£f)

[1-—GJr D 7{,161,7{,,]

(0) 1(s£10)

(4.27)

and

tp=Hu+ 3 3 H;GiH,
D 1)

+ 2 2 prgszqi
pl(£f) q(£f)

+ 3 3 3 I HpgiH, Gif #y; -

JGED LD p(£f) g(£f)

(4.28)

By using the identities
G]T =811GJ+ _Gj+‘7{lel+( l -‘8_’] )

+G | 3 HuGEHy |G+
k(D)

(4.29)

and
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Equations (4.14) and (4.22) now can be used to eliminate
from this expression all components of | ¥)) and | ®))
except those corresponding to the designated pair of ini-
tial and final channels. The result of these manipulations
can be written in the form

4
(fIT|id= 3 (f|T,li), (4.24)
a=1
with
(4.25a)
(4.25b)
(4.25¢)
(4.25d)
[
gpq 8 +Hpqg«i (l_apq)
+g,,+ S H,g' H,|gf+ -, (4.30)

r(sp,q)

this formally exact expression can be written as an or-
dered sum of terms, T(ff”, each with two superscripts, the
first indicating the number of factors of H,,, and the

second indicating the number of #,. The first few of

these are
T "=Hy ,
72,0
Tfi > Hpg Hy,
pl~Sf)
(1 D_ 2 prgp 7{ ,
s 4.31)
2V='3 3 Hpg,'H,G#;
p(s£f) js£iD)
(30 Zf Hypg, [Hy8/ Hpi— 2 e84 Hyi
)

Associated with the Tf’ ) are the transition matrix ele-
ments T;* defined by

T'=(¢~(fQ) |75 [ ¥F(ik)) .

The objects T'+* are straightforward to compute for
small values of the indices r and s. Thus, we have a direct
perturbative procedure for assessing the importance of
polarization and Coriolis couplings. Many steps in the
calculation of these contributions to the transition matrix
can be performed analytically, using the basis sets intro-
duced in Sec. II. It remains, however, to connect | 1))
and | ¢)) with those basis sets. This is the first item at-
tended to in Sec. V. The result is then used to produce a
quite simple formula for T};>%, the “main” contribution

(4.32)
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to the scattering amplitude, as well as somewhat more
complicated formulas for T"" and T{7°.

Finally, it should be noted that the operator Ty trans-
forms as a scalar and is diagonal in the total-electronic-
spin quantum numbers S and Mg as well as in the total
electronic parity (provided that the last can be considered
a good quantum number). These conclusions follow from
the observation that 7, is an operator constructed from
components, each of which commutes with D (aBy), S2,
S,, and (in homonuclear systems) the electronic parity
operator. These selection rules are equivalent to the
physical requirements that the total orbital angular
momentum, the total electronic spin, and the electronic
parity (if any) be constants of the motion.

V. THE TRANSITION MATRIX

In this section, we obtain explicit formulas for three of
the transition matrix contributions T{"*. The first of
these, T{'?, is the “primary contributor” to which virtu-
ally all previous theories have been devoted. The two
others, Tt"'" and T{>?, are first-order corrections due to
couplings between the prescribed initial and final elec-
tronic states and other bound and continuum states. The
computation of higher-order terms in these couplings be-
comes progressively more complicated but involves noth-
ing fundamentally different. The calculation of the
Tf{'”’s is simplified by using the total angular momentum
basis sets of Sec. II. Therefore, we begin this section by
establishing the connections between the two objects
| ¥*(ik))) and | ¢~ (fq))) and the angular momentum
eigenkets of Sec. II.

A. The entrance-channel ket, | ¥*(ik)))
This ket is a solution of the equation

(W,,—ET)lill)):O, ﬂiiEHﬁ-{-HipG;Hpi y (51)

which satisfies a radiative, ( + ) boundary condition. We
shall obtain an expansion of |¢¥)) in terms of kets
| KMik )), labeled with the wave number k and the quan-

tum numbers K, M, and i =(A;n;). Each of these is a su-
J

# d? #
- +
2u dR*  2uR?

(ir

L}

#R?

ﬁl
i

with

((KMiR |F* | KMiR'))

[K (K +1)—A?]—[E(k)—E;(R)]

d
i ) (iR |3% | iR) (1R[8R|1R)——dR
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perposition,
| KMik ) = [ 0°° dR RFp(k,R) | KMiR )

=Ny [dé [ dR |£R))
X [R ~'Frpi (k, RIDK 5 (R)

X¢,(E|R2)], (5.2)

of the previously defined kets | KMiR )) = | KMA;n;R)),
cf. (3.7), and each satisfies the equation

[#;—E(k)]| KMik )) =0, (5.3)

with E (k)=#°k?/2u. That #£; has an eigenket of this
form is an immediate consequence of the scalar character
of this operator.

The radial amplitude Fy,;(k,R) is required to vanish
at the origin and to have the asymptotic form

FKM,.(k,R>R~ (2/7)%sin(kR +ngpp:) - (5.4)
The phase shift 7, is complex valued, owing to the
non-Hermiticity of # ;. Indeed, eigenkets of this opera-
tor corresponding to different values of k need not even
be orthogonal; one only can assert that | KMik )) will be
“bi-orthogonal” to the “adjoint kets” | KMik'; 1)) which
satisfy the equation

[#H,—E (k)] | KMik';t) =0 .

Here |, =H,+H;pGp Hp; signifies the adjoint of the
operator #f;. The condition of bi-orthogonality implies
that

(5.5)

CKMik | K'M'i’k’; 1)) =8xx-8ppg 88k —k') ,  (5.6)
and this, in turn, imposes the condition
fo"" dR Flyi(k,R)Fyp(k',R;T)=8(k —k')  (5.7)

on the inner product of Fg,,(k,R) and the analogously
defined [cf. (5.2)] adjoint amplitude Fy,,(k’,R ;7).

By substituting (5.2) into (5.3) one obtains the following
integrodifferential equations for the radial amplitudes:

Fiai(k,R)

- fowdR’RR’((KMiR | F* | KMiR' ) Fypi(k,R') ,  (5.8)

=N2 fdf{fdf{’Dfi‘M(ﬁ)‘fdgfd§'¢,~(§|R’z‘)‘«§,R|F+ |E,R' Ve, (& |R'2) DK (R . (5.9
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Here |[iR)=|A;nR), E/(R)=E,,(R), Li=L?
—(R'L)? and ¢;(§|RZ)=(&|iR). The symbol F*
denotes the scalar operator HppGp Hpy. These equa-
tions (5.8) are closely analogous to (but distinctly different
from) the equations obtained by Bieniek,? who based his
analysis on the rigid-rotor, nuclear angular momentum

representation instead of the total orbital angular
momentum representation used here.
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Because the kinetic energy operator P%/2u
= —(#/2)V% maps Q space onto itself (when Q is con-
structed according to the prescription given in Sec. III),
the two Hamiltonians which appear explicitly in
F*=QHPGZ HQ may be replaced with electronic Ham-
iltonians H,;. The electronic matrix element which con-
tributes to the integral operator (KMiR | F* | KMiR"))
then can be written in the more explicit form

[ de [dgs, (| RD*CER|FT £, R Ne,(E | R'2)= 3 Vi (RICAGR | G [ AC'gR DV g i(R'), (5.10)
p,p

wherein

Vrcgi( R)=(AcqR | H |iR)

= [ dg AL} . (Em) | R LT (Em | R2))*H (£ | R2)

=N'2 [ dE[d, o (E(1) | R2)bgr" (£, | R2)I*H 18, (£1,6(1) | R2) .

This electronic matrix element can differ from zero only
if A;=A;+pu, S;=S, Mg;=Mjg, and (for nuclei of equal
charge) if the electronic parities of the bound and contin-
uum states are the same.

It is virtually impossible to perform an exact evalua-
tion of the Green function

{AcgR | G5 | A'c'q'R")

and even if an explicit, nonlocal approximation were
available the prospect of solving the corresponding set of
integrodifferential equations (5.8) would not be appealing.
Thus, it is usual (but see Ref. 14) to replace this Green
function with the “local approximation,”* %16

—imBppB.8(q —g')S(R—R')8(g, —&(R)) .

Here €, =#q*/2m, is the kinetic energy of the ejected
electron and e(R)=E;(R)—E f\l,,I(R) the vertical ioniza-

tion energy specific to the internuclear separation R. The
right-hand side of (5.8) then reduces to the product of
Fipi(k,R) and an imaginary-valued potential
(i /2)T;;(R) with

TR =213 [ dq |V (R)|®(e,—e(R)),  (5.12)
A,c

which is proportional to the golden rule formula for the
R-dependent rate of autoionization of the initial electron-
ic state. With this approximation the task of computing
the radial amplitudes Fy,;(k,R) becomes quite manage-
able.

Now that the procedure for generating the kets
| KMik )) has been established, we can proceed to the ex-
pansion

PR N = 3 agps(k) | KMik ) (5.13)
KM

(5.11)

The coefficients aKM(iE) are evaluated in the standard
way, !’ that is, by requiring that the heavy-particle wave
function (iR |¢*(ik))) be the sum of the plane wave
exp(ik-R) and outgoing, expanding waves. The result of
a short computation is the formula

g (K)=(87) 2k ~ N DX oy (—K)e "KM (5.14)

B. The final-state continuum ket, | ¢ (f,q)))

Next, we turn our attention to the frozen-core elec-
tronic scattering states | ¢ ~(f,q))) of (4.21) and their ex-
pansions in terms of the kets | KM AcgR )) of Sec. IIIL.
The first step is to introduce electronic states
| AcqR— )), which are eigenkets of Hgc satisfying col-
lapsing wave, “minus (—)” boundary conditions. These
are 1rzelate:d to the | AcgR)) by the well-known expan-
sion

| A/g1aR =) = 3 [¥5,@ge ™" AcgR) ,

Ap
(5.15)
and are normalized in the manner
«A79;q'R'— | A;q/qR—))
— _R' 2 —a'
_SA',A,Sq;q,S(R R')[q¢°6(q—q")] . (5.16)
In analogy with (3.37) we now form kets
A Kl A
| KIMIAIquR et )) =NKI f dRDAIMI(R)
X |AgrqR=D ,  (5.17)

which are eigenstates not only of Hgc but of K}, 2K,
and R-L; as well. The frozen-core scattering states then
can be defined by any of the equivalent forms,
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|4~ (f@) D= [ “dR RPy 5 (R)| KM, A1q,9R —))
= fdR[R~1PK,AIV(R)NK,Df§MI(ﬁ>]%[Y;u(a)ﬁe“”’*#ﬂ]|Ach>>
= [dg [ dR |ER) 4 |R™'Py 5 (RINg D!y (R)G) , (£(m)| RZ)
X 3 [¥1,(@)ge ™ iMol (&, | RD) | . (5.18)

Au

The last of these three formulas expresses the scattering state as the antisymmetrized product of two factors, the first of
which can be identified as the wave function of the product diatomic ion (aside from its inclusion [cf. (3.12)] of the N-
electron spin state) and the second of which is the wave function of an unbound electron with momentum #q. From

(5.16) and (5.17) it follows that

— ) —_ 2 ’ *
€™ 6N =8y 8,1y By 5 8,1, [478(a—)] [ “dR P fRIPp R) - (5.19)
Using the expression (5.18) for | ¢7(fq))) and the definition (3.19) for C,=C, ;= Ca,q,» We find that
K A _ A~ —i .
(C/HC;—Ep) |6~ (f@) N = [ dRNg D'y (RIR lg[yxﬂ<q)ﬁe T 4]
o
hl 2
X | | ArgriugR) DA,q,+—L2me ~Er
+ 3 [ da'| Mg g RIBULY | Prap(R) (520
Ao :
with
# d? # 2 o # Liy )
DAIqI=_—2;dR2+2—”E3[K,(K,+1)—A,]+EA,nI(R)+E; <IR1 7R 1R1>—<1R116R11R1>
d
- L 5.21
2<1R1|aR|1R1>dR (5.21)
2
By = -——2’1‘; (g'Mp'(Arqp)R1| 3% | gAu(Arq)R1) +2{g'A'u (A, g, )R1 | g | ghue(A;q)R1)
X |(IR |8g | TR) +-% (5.22)
R dR ’
I
and where _
(C,HC,—Ez)| ¢~ (f@) ) =0
(IR1|f [IR1)={A;n,R1| f(E1))| An;R1) .

(5.23)

The derivation of this result requires a use of the identity
K—-L=K(m)—L(m) and of Eq. (3.25), recognizing that
C/H,C, is a part of Hgc. It also depends critically upon
the defining formulas [(3.11)-(3.13)] and orthonormality
conditions satisfied by the frozen-core continuum kets.

If the one-electron continuum orbitals were indepen-
dent of the internuclear separation. R, as they are in the
commonly used single-center Coulomb-wave approxima-
tion,>1>16 the radial Born-Oppenheimer terms Bc'q,’,‘i{;)
would vanish identically. We see from (5.20) that when
these presumably small terms are totally neglected, the
equation

is satisfied by (5.18) provided that the nuclear wave func-
tions ?Kl A,v(R) are square-integrable solutions of the or-

dinary differential equation

K
(Dp,q, —E A, Pk,a,(R)=0, (5.24)

which vanish at the origin and that the total energy is the
sum, Ep=#*q%*/2m,+E fi"ﬂ’ of the energy of the free
electron and that of the product ion. These conditions, in
combination with (5.20)-(5.22), establish the physical
significance of the frozen-core scattering ket | ¢~ (fq)).
Because of the Hermiticity of the operator D Agy the ra-

dial eigenfunctions can be orthonormalized according to
the prescription [cf. (5.19)]
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f " dR PL o AR)Pg A (R)=0,, . (5.25)  the expressions (5.18) and use the identities (see Appendix
0 e i C of Ref. 11)

Our final objective here is to obtain an expansion of Y% (G)s= > Y (q)DA (R), Y, (@)=Y,,(q), (526)
|67(fq)) in terms of kets analogous to the | KMik )) PRe w ! T
of (5.2). To reach this goal we begin with the second of and

|

A K, K
BoAL —p—A

A K, K A
7 My —n—M, |Pu+amem,(R) . (527)

DA (RIDY, (R)= 32K +1(— 1! M=) ™
K

These manipulations lead directly to the formula

(=@ = [ dR RPy , (RINg, 3 S (Y1, @e "™ i*CKMA MK | K,M+0,A+i,cqR ), (528)
K,ngAp

with | KM AcqR )) defined by (3.38) and where

l A v |* Ki K A K, K
. N 1Y 1y M-
C(K M A MK =Ng ' 2K +1)(— 1)1 (—1) w A —A—p| |y M, —M,— (5.29)
The expression (5.28) can be written in the desired, alternative form

¢~ (fAN =3 3 Y5,(@C (KM A Au;Kn) | K,Mp+m,Ap+p,Kpcq ) (5.30)

K.nip

with | K,M; +n,A;+p,K;cq ) the analog of | KMik )}, cf. (5.2), defined by

| K, M, +0,A; +p,cq ) = fo‘” dR RPy 5 (R)Nge ™ i*| K,M;+m,A; +p,cqR )

=Ni [ d€ [ dR |ERD(R Py 5 (R)Nge ™ iMDK 4 o o(R)
A ) A
X A, (Em) | RDISHL"(E,, | RD)]] . (5.31)
C. Formula for T}}*%
According to (4.31) and (4.32) the primary transition matrix element T’ is given by the formula
T 9=(¢~(fq)| PHQ | ¥*(ik))) . (5.32)

It has been mentioned previously, in connection with the operator F* of (5.9) and (5.10), that the projection Q is so
defined that PHQ =PH Q. By using this fact and the expansions (5.13) and (5.30), we are led from (5.32) to the expres-
sion

T}}’O’z S 2aKMi(ﬁ)YM(a)C(K,M,A,ML;K’n)((K’,M, +m,A;+p,cq | Hy | KMik ) . (5.33)
KMMuK'ny

Because H, is a scalar operator, the matrix elements appearing here are different from zero only if K =K' and

At this point it is convenient to select a laboratory frame with its 2 axis coincident with the direction k, in which

case®

agp(2)=(87°) 2k ~ N8, py(—1)Ke KM (5.34)

Then, by using (3.7), (5.31), and the selection rule A;=A;+u of H,, we are able to rewrite (5.33) in the more explicit
form

ing i
THO=(87%) 2k~ 3 N Nel(—DXe """ 1C (K, My Ay o Ay — A K, — A — M)
i'q)L

x[Y;,_Ai_M,(a)e“ M Ay f0°° dR P p SRV peqi(RFg _p (K,R), (5.35)
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with ¥, . ;(R) denoting the electronic matrix element
defined by (5.11).

The expression (5.35) is similar in structure to formulas
for the AI transition matrix element derived by Miller
et al.'® and Bieniek,? but it is different owing to the
choice of basis sets employed here. For example, because
we treat the angular momenta without approximation,
the formula (5.35) is exact—to the prescribed, zero order
in the Coriolis couplings. In contrast to this, the theory
of Ref. 3 “neglects the coupling of the angular momenta
of the bound electronic states with that of the free parti-
cles.” Because of this Bieniek® found it necessary to re-
strict his analysis to the case of u=A;—A;=0. This
same problem also was encountered by Hickman and
Morgner. '

The formula (5.35) can be simplified further, for as we
now shall show, the sums over K and A extend over only
a few terms. This demonstration hinges upon the obser-
vation that when the energy of the ejected electron is less
than 0.5 eV the values of the matrix elements V., ;(R)
are relatively small for A in excess of 2 or 3. To see why
this is so, we recall from Sec. III that for A R 3 the ampli-
tude of the continuum orbital ¢q/;’q’ (E,, | RZ) is very
small for | §,, | 3 A. Since this is about the same as the
range of the bound electronic wave function ¢,(£ | RZ),
there will be little overlap between the initial- and final-
state wave functions for A* 3 and so the associated ma-
trix elements will be correspondingly small.

From this observation and the formula (5.29) for
C(K;M;A;Au;Kn), we see that the ranges of K and A in
(5.35) are limited by the two constraints

|K;—A| <K< |K;+A| (5.36a)
and

AS3. (5.36b)
Furthermore, because |7|=|A;,+M;| <A [cf. the
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spherical harmonic appearing in (5.35)], the second of
these constraints implies that

IM;| S [A+3] . (5.37)

These conclusions, (5.36) and (5.37), have experimentally
verifiable consequences. First of all, since the relevant
values of | A;| are invariably O, 1, or 2, the projection
quantum number |M;| of the product diatomic ion
rarely will exceed 3 or 4. This number is to be compared
with K, which according to (5.36) differs from K by no
more than 3. Finally, since it is expected that the number
of contributing nuclear partial waves will be rather large
(25 or so for thermal Na-Na collisions), the mean values
of K and K should fall within the range of 15-20. From
these considerations we conclude that when the ejected
electrons are not too energetic the angular momenta of
the product diatomic ions will be very nearly perpendicu-
lar to the incident k axis; this phenomenon has in fact
been observed experimentally. !

D. T-matrix and cross-section selection rules

We turn now to a discussion of several selection rules
associated with AI scattering. First, it is clear that the
initial and final states connected by 1-“ 9 must have iden-
tical total-electronic-spin quantum numbers. Second, the
single-state and interference cross sections!

2

(5.38)

f dq TumTu 0)%

me
R A Py m,k

are proportional to §, , and to §_ ., with 7; denotin
prop A,,AJ T i g

the total electronic parity of the initial state (when this is
a good quantum number). This statement can be verified
by evaluating the integral over § appearing in (5.38), with
the help of (5.35). The result of the integration is a sum
of terms each proportional to the product of

[fo dR ?;IA,V(R)VAC,,,,(R)FK,_AP,.(R)] [fo dR P§ 5 SRV perg (R, _p (R)

and
JdaYs sy, @Y5 _p s, (@=8,184,4, -

The A;=A; “selection rule” follows from the second of
these, while the ‘““7r rule” can be deduced from the obser-
vation that V¥, (R) is proportional to the Kronecker
delta

8(m (-7,

with 7, the electronic parity of the free ion, (—1)* that
of the unbound electron, and 7, that of an N-electron
bound state.

These selection rules have been proved here for the
particular T-matrix elements 7% and Tj'® but they
are valid in general. The reason for this is that any of the
quantities T"¥ could be written in the form (5.33) but

[

with H, replaced with a different, more complicated
operator. However, in every case this operator would be
a scalar and it would be diagonal in the quantum num-
bers associated with electronic spin and parity. There-
fore, the selection rules may be summarized as follows:

€fa|T|ik) «s, 58my, m (5.39)
and
Jdasa| T 1ikDCFQI T | jk) By 28, r
(5.40)

with S and Mg denoting the total electronic spin quan-
tum numbers. The only restriction upon the validity of
these is our assumption that spin-orbit coupling can be
neglected.

There are two additional and weaker selection rules
which deserve mention. The first of these is a conse-
quence of the selection rule, u=A;—A,;, satisfied by the
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electronic-matrix element VMq,(R) and to which the
transition matrix element T‘l 9”js therefore subject. This
rule dictates that when the initial electronic state and
that of the product ion are both X states, the axial projec-
tion of the free-electron orbital angular momentum must
be equal to zero. Let us now denote by o; the quantum
number (equal to *1) associated with reflection of the
initial-state electronic wave function in a plane contain-
ing the internuclear axis. o; is the analogously defined
quantum number of the electronic state of the product di-
atomic ion. Because the projection quantum number yu is
zero for £ — 2 transitions, the reflection quantum num-
ber of the unbound electron equals unity. Then, because
the electronic Hamiltonian is invariant with respect to
this reflection operation, it follows that o; and o; must
equal one another and that consequently T}:‘I'O)C"Bai,of

From this we conclude that when A;=A;=A;=0, the
approximation to the Al cross section given by (5.38) will
differ from zero only if 0;,=0;=0,. To this approxima-
tion, collisions beginning in quasimolecular 2~ states
cannot produce 2+ diatomic ions. The axial symmetry
of the system is broken by the Coriolis forces that are in-
corporated within the contributions to the exact transi-
tion matrix associated with terms T}{"’ with s> 0 and/or
r> 1. Therefore, the selection rule just stated is valid
only to the extent that Coriolis corrections to the cross
section are of negligible magnitude.

The second of the two “weaker” selection rules can be
obtained by treating the heavy-particle motion semiclassi-
cally.? This is appropriate when the collisions are
sufficiently energetic that the de Broglie wavelength asso-
J

PF*P,= dede’[jR)) l}; Viea(RYCACGR | G5 | AC'g'R' DV prgr i(R') JR |
pp'
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ciated with the relative motion of the two atoms is much
less than atomic dimensions. Considerations of station-
ary phase then lead one to conclude that an ionizing (AI)
transition can occur only if there is one or more internu-
clear separations R * for which

E(R*)=E} , (R*)+#q*/2m, (5.41)
Here #2q%/2m, >0 is the energy of the ejected electron,
E,; is that of the electronic initial state, and E {‘1"1 is that

of the product ion. The familiar implication of this
Franck-Condon condition is that autoionization of the
colliding pair of atoms only can occur at internuclear
separations at which the BO energy curve of the (quasi)
bound electronic initial state lies embedded within the
continuum associated with the electronic configuration
AB* 4e~

E. Formula for T}/""

This contribution to the transition matrix is of first or-
der in the Coriolis couplings. It is given by the formula

Ti= 3 (¢~ (fQ) | HyG #Hy | YHik)) ,  (5.42)
Jls£0)
with  H G #;=C HQP, (ET —H;)"'H;  and

H;i=H;+P; F+ P thh QHPG,;* PHQ and
ET —ET+IE As before [see comments immediately fol-
lowing (5.32)], the H operators appearing explicitly in
these two factors may be replaced with electronic energy
operators H,,. Then using (3.21) and (3.33) we find that

(5.43)

The local approximation [see remarks in connection with (5.12)] to this is given by the formula

PjF+P,:_-;—de[jR»r,.,.(m«iRi ,
with
T(R)=21F [ dg Vi (R)Va (R
A,c

The objects €E(R) and p;;(R) appearing in these formulas are defined by &(R)=[E;(R)+E;(R)]—E 5\1

piR)=3 [ dg | Acg,R)8[c,—e(R)[{Acg,R | ,
A,c

(5.44)

(5.45)

n, (R) and

(5.46)

respectlvely It follows from its definition that T';(R) can differ from zero only if both of the kets H, |iR) and

H, | jR) have projections onto the electronic contmuum
When #; and %
i )~ =H ( i/2)T;

i the formula (5.42) becomes
(1,1 _
Tfi

J(s£0)

b fdkz [ dg' A Acg'R | 6~ (fQIN*V pey ;(RUEF —HE) "' HP QIR | $+(ik)))

are replaced with the corresponding “local approximations” #'=H i—(i/2)L; and

(5.47)

Using (5.13), (5.15), and (5.18) we can rewrite this in either of two equivalent forms

T = de[R—]PK A V(R)NKD (ﬁ)]‘(AI‘th—
j(;b')
_i 2 f die —iEf /R
j(:#l)

-1 K, 81, . i
J dR[R~'Pg » (RINg D!y (R)I*(A1q;qR— | Hy | jR e

| Hy | iRMEF —HP17'HP9H(ik | R)
"HEYH kR,

(5.48)
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wherein
Ptk |R)= (iR | ¢ (ik)))
= 3 agp (KR ~'Fyp(k, RINg DX (R)]
KM

(5.49)

denotes the wave function descriptive of the heavy-
particle motion in the channel associated with the initial
electronic state. The object

R™'Py  (RIND 'y (R)

is, of course, the final-state heavy-particle wave function
and (A;q;,qR— |H, |jR) is the matrix element con-
necting the electronic final state (consisting of a diatomic
ion and an ionized electron with momentum #q) to the
bound electronic “intermediate” state | jR). The second
of the expressions (5.48) is analogous to the formula de-
rived by Lee and Heller?! for the amplitude of a Raman
scattering event and it can be similarly interpreted.

J
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Thus, the “wave function” X;(0)=%#"¢*(ik | R) is the
product of an electronic i — j transition operator and the
initial-state “wave function” ¢¥*. Each term of (5.47) is
the overlap between a propagated value of this function

X;(t)=exp[ —i (Ef —FHF)t /A1X;(0)

and the unpropagated final-state wave function
- K A
Xp=[R~'Pg,a (RINg,D !y (R)]
X(jR|Hgy|ArqiqR—) .

The propagator consists of a ‘“phase factor”
exp[ —i (Eff — Hj; )t /#] characteristic of the intermediate
Jj state and a “decay factor” exp[ —TI';;#/2#]. In the Lee-
Heller theory of Raman scattering the rate of decay of
the initial state is governed by a phenomenological
coefficient, whereas here it is given in terms of the R
dependent rate of autoionization I ; /27i.

To compute the action of %}’ we use the formula®

2

2
~ PR # Li
K K syv_npk |ER 7" 2 K
HDAN(R)XA(é',RZ)—DAM 2“ +2NR2[K(K+1)_A ]+ 2'u,R2 +Hel XA
A (KA) A_(KA)
DX ———(LBx%) |+DX_ ————(LEX%) (5.50)
+DAr1,m 2R’ +AA A—1,M WL A
[
Here, as in the Introduction, the mass-polarization term (0Vji #w” o, . 2 . . .
has been discarded. The quantities A, are defined by HKAJ::‘;Z—((]R |8k [iR}+2(jR |35 | iR)dg)
AL(KA)=[K(K+1)—A(A£1)])"?2 and LZ are the L2 ;
ladder operators associated with the electronic orbital an- + <f R uR? EZWH aPjiHe |0 R>
gular momentum referred to the body (B) frame. From H
(5.50) it can be shown that # ., # 5
) K(K +1)—A;
FEIR ~ Fyps(k, RN DX 1 (R)
il Kwi kDA R +Ei(R) |, (5.52a)
=[R™'NgDK (R 3 84 .p smHE and
J m=0,%1 7 ! (+1)ji }»i(KA,) . B
HKA,!'=———2——<]RIL5c |iR) . (5.52b)
i 2uR
X Fgyi(k,R) (5.51) . Ao -
Then choosing the Z axis of the laboratory frame to lie in
wherein the direction of k [cf. (5.34)] we find that
|

ing _ i
TiV=(8m")%k ! 3 3 NgNg[(—1¥e STMNC (K, My A A — A K, — A —M])

J(s£D) KA

—in
X[YX,_A,._M,(ﬁ)e A

X [ 7 dR P RV g (RNEF —HH) ™!

j"‘l l-A]t

S 8a,a4mHER |\ Fx_aikR) .
m=0,%1

(5.53)
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There is a strlkm% similarity between this and the for-
mula (5.35) for Tj'?. Indeed, except for some (critical)
indicial alteratlons, the most noticeable distinction be-
tween the two is that the radial integrals of (5.53) are aug-
mented by the intermediate-state  propagators
(Ef —H f(o)({ )~! and the channel-mixing operators Hy “"’1‘

Because the summation does not include the initial state
i, the operator Hy ‘0 i occurrmg in (5.53) consists only of

the radial BO operator

—(#/2u)((jR| 3% | iR)+2(jR | 3g | iR)3g)
and

(JR|L}/2uR*—(i/2)2nHp;;H | iR) .

The more interesting Coriolis couplings are associated
with the terms HY (i””

J
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Because the same spherical harmonic with argument §
appears in both (5.35) and (5.53), the integral
dy(TO+ T UNTO+TiP)* is proportional to
8 A A similar argument apphes to the parities of the

two states |[iR) and |jR). These specific observations
are examples of our general conclusion (5.40).

F. The transition matrix contribution T'§°)

The computation of this quantity,

TRO= 3 KemUa) Hypg  Hy | 90D
p(#Sf)

(5.54)

involves manipulations closely resembling those just de-
scribed in connection with T} Consequently, we sim-
ply report the result of our calculation, namely,

T(ZO) (87 )1/2k—1
Mg AL . I A A
X 3 3 NgNgl(=1Ke " TNICK, M AL A — ALK, — A —MO(YS _p Ly @e iR
Arqp(#Arap) KA
- #q’ -1
X 28##;“\ A,qu fo dR Al 2m,
)
X . zo:t]SA’ Al+mHAc'q’,AchK,A,v(R)‘ ‘VA'c’q',i(R)
XFg, _p,i(kR) . (5.55)
Here D, is the operator defined by (5.21) and the H'/’s are defined as follows:
0) . e 2 , , Li(1)
HiYtgpeg =808(9" =) | =5 -((IR1| 8 [ TR1) +2(I'R1| 3 lIRl)aR)+<I RI IR1>
ﬁZ
—E[zum |0g | IR1){q'A'u(A;q;)R1|3g | gAm (A;q;)R1)]
(A,g)* ~ Ay (Argp) A
+ [ dg, [ de, 0,70 (& |RDK, .\ (E6s| R2)bg, " (6| R2) (5.56a)
I
and numerically and has no bearing on the T-matrix or
, cross-section selection rules.
H(Aj’:cl’;‘,Acq =6k’18(q -q)
A (K VI. CONCLUDING REMARKS
-E;II{——I—(I'RIILB 1)| IR1)
m

(5.56b)

Our previous conclusions about the cross-section (A and
parity) selection rules associated with the apProxxmate T
matrix T}l 04 7D apply to T ‘°’+T“ +T‘2 0)

well. The only approximation we used in progressmg
from (5.54) to (5.55) was to neglect (in the propagator) the
same continuum-orbital BO couplings as we did previous-
ly in obtaining (5.24). This should be of little significance

Associative ionization takes place in large measure
through the collision-induced interaction of bound and
continuum electronic configurations. Previous theories
of AI have concentrated solely on this contribution and
there is little reason to doubt the validity of numerical
computations based on these formalisms. However, the
issues that concern us are best treated by an alternative
approach. In particular, the discussion of selection rules
and the treatment of corrections to the “main” mecha-
nism of AI are both facilitated by introducing a
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“symmetric-top” basis in place of the more conventional
“rigid rotor” basis.

Our original motivation for modifying the existing
theories of AI was a desire to fully understand and, if
possible, to physically interpret the sum and selection
rules presented in Sec. V. These rules play a central role
in the analysis of polarization-dependent Al collision pro-
cesses and had only been demonstrated approximately
(and somewhat artificially) using a Bieniek-like theory.’
The observation! that at least one of these rules depends
critically on the conservation of total orbital angular
momentum is sufficient to motivate the current approach.
However, other (initially unanticipated) advantages are
evident. The relative ease with which the above-
mentioned rules can be derived and the relative simplicity
of the final scattering amplitude formulas [cf. (5.35),
(5.53), and (5.55)] both have their origin in the use of a
symmetric top basis set (labeled by total angular momen-
tum quantum numbers), in combination with the physical
requirement that the transition operator be a scalar.

Insofar as the derivation of scattering amplitude for-
mulas is concerned, our goal has been to derive simple ex-
pressions for both the main contribution to Al and for
corrections to that contribution due to alternative mecha-
nisms for ionization. Here, the use of a projection-
operator formalism allows all of the wave functions ap-

2933

pearing in our final results to be interpreted as eigenfunc-
tions of effective, single-channel Hamiltonians. This per-
mits one to adopt the same physical intuition in interpret-
ing complex systems as has been used to understand
“two-state” (one bound plus continuum) systems. The
projection-operator formalism can be used to construct
simple expressions for Al scattering amplitudes, includ-
ing corrections due to Born-Oppenheimer and ‘final-
state” couplings. The corrections are only slightly more
difficult to evaluate numerically than the main (Bieniek-
like) contribution and this, in turn, is given by a rigorous
expression no more complicated than the approximations
previously reported. Two examples of these corrections
(T'"V and T'>9) have been given in Sec. V. These are
the first-order modifications to the AI scattering ampli-
tude due to Born-Oppenheimer and final-state couplings,
respectively. Thus, it is a straightforward matter, once
709 js known, to evaluate corrections due to Born-
Oppenheimer couplings and perhaps, more importantly,
due to the frozen-core approximation used to make the
free-electron wave function calculationally tractable.
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