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Following Jones and Dahler [Phys. Rev. A 37, 2916 (1988)] we study the theory of the process of
ionization within the framework of the Feshbach projection-operator' formalism, with the discrete
fine-structure states (before ionization) and the continuum states (after ionization) as the two
separate subspaces of Hilbert space. For the Ne*(3s)-Ar and Ne**(3p)-Ar systems we have calcu-
lated ab initio autoionization widths. In the approximation in which only two electrons play an ac-
tive role, the coupling matrix element between the two subspaces is a linear combination of two-
center two-electron integrals for the exchange and the radiative mechanisms. In general, our calcu-
lations support the semiempirical results of Morgner [J. Phys. B 18, 251 (1985)]for the coupling ma-
trix elements as derived from experimental data. The autoionization widths I J Jz are presented for
initial states ~J, Q) of the Ne ' ' atom and final states ~J') of the Ar+ ion. They show a pro-
nounced 0 dependence and a strong correlation of initial and final states, e.g., ~0,0)~ ~3/2) and

~2, 2) ~
~
3/2). For the Ne (3s) states the two-center two-electron calculation is in good agreement

with the two-state basis of Driessen et al. [Phys. Rev. A 42, 4058 (1990)],based on a one-electron
overlap approximation. In a semiclassical model the polarized-atom ionization cross sections are
calculated. For the Ne**(3p)-Ar system the energy dependence of both the polarization effect and
the average cross-section value is reproduced very well, in contrast to the one-electron approxima-
tion. For the Ne (3s)-Ar system we have to conclude that the ab initio results cannot explain all ex-
perimental observed features, such as the large cross-section ratio Q ('Po ) /Q ('P, ).

I. INTRODUCTION

In the past 15 years Penning ionization has been inves-
tigated in detail by many groups, for a variety of metasta-
ble and short-lived electronically excited projectiles, and
an even larger number of target atoms and molecules. '

In crossed-beam experiments with time-of-Right analysis
of the primary beam the energy dependence of the ioniza-
tion cross section can be studied very accurately. '

More detailed results can be obtained since the availabili-
ty of stabilized cw single-mode dye lasers. State-selected
measurements with metastable rare-gas atoms have been
performed extensively. ' ' Recently the point of interest
has shifted to collision experiments with polarized laser-
excited atoms. " ' ' ' In view of the large effort one
would expect to find a mature field without unsolved
basic problems. However, this is not true. Although a
large amount of insight has been obtained, some very fun-
damental problems have not been solved as yet. A strik-
ing example is the ionization cross section for the
Ne'[(3s); Po2]-Ar system, ' ' where at thermal ener-
gies 0.05 eV ~E ~0.2 eV the Ne ( Po) state has a 30%
larger cross section, increasing to 80% in the super-
thermal energy range 1 eV ~ E 5 eV. Despite all experi-
mental and theoretical effort it has not been decided
whether differences in the real or the imaginary part of
the optical potential are responsible for this effect. It is
generally accepted that the difference in the real potential
V(R) for the two Ne'[(3s); Po 2] states is negligible. A
difference in the imaginary part, the so-called autoioniza-
tion width, seems to be obvious. However, there is no
mathematical evidence for such a difference in the spheri-

cally averaged autoionization width as yet, as discussed
by Driessen et al. ' This does not imply that the ioniza-
tion cross section Q(J=2) for unpolarized
Ne'[(3s); Pz] atoms is equal to that of Ne*[(3s); Po]
atoms: the full dynamics of the collision, which is essen-
tially nonlinear in the 0-dependent autoionization
widths, enters this last step. Experimental results for
state-selected ionization cross sections are usually de-
scribed in an empirical fashion, using the ad hoc assump-
tion of different autoionization widths. ' To avoid this ad
hoc step, Hausamann has investigated the inhuence of
small differences in the shape of the real part of the po-
tential, while keeping the autoionization width fixed.
This approach also cannot explain the experimentally ob-
served, large Q (J =0)/Q (J =2) ratio.

The Ne (2p) (3s) multiplet contains two metastable
states Po, P2 from which the Ne*'(3p) states can be ex-
cited. Typical lifetimes of the a;—= [(2p) (3p)]; states,
with i running from 1 to 10 with decreasing energy,
are ~=20 ns. We will concentrate on the meta-
stable Ne*[(2p) (3s); Po z ] and the laser-excited
Ne" [(2p) (3p); D3=a9] atoms colliding with Ar, for
which cross-section data are available in a wide energy
range. " ' ' ' ' The polarized-atom cross section
Q ~ ~(E) refers to the collision of the target atom with an

asymptotic pure magnetic substate Ne*'*'(~ J,M)s) with
respect to the initial relative velocity g. The Ne*'( D3)
state constitutes a two-level system with the metastable
Ne'( Pz) state and can be excited repeatedly, making
energy-resolved experiments possible. For a later pur-
pose we stress that only triplet states are involved in the
experiment.
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In the analysis of the ionization process we have to
take into account all possible inelastic channels. For
Ne*'(a; )-Ar collisions the competing inelastic channels
besides ionization are fine-structure changing col-
lisions. O' We thus have

Ne**(al )+Ar+ AE
Ne**(a9—= D3)+Ar —+ .

Ne+Ar +e

Ne**[(3p);J=3]
Ne [(3s);J =2]
Ne*[(3s);J =0]

9/15
2/3
1/3

8/15
1/2

5/15

TABLE I. The relative populations c ~ of the (2p) ' core
hole for the atomic Ne*'*'(J;0) states.

Ne*[(3s); Po 2]+Ar~Ne+Ar++e (2)
(4)

Of course, associative ionization with (NeAr)+ ions can
also occur. Although a large number of molecular states

~
J,Q) is involved, the potentials V(R) can be determined

through the model potential method ' ' as a linear
combination of two elementary potentials V (R ) and
V (R) for the ~(3p); ~m& =0, 1) states of the valence elec-
tron. The additional anisotropic interaction, due to the
oriented Ne+(2p) ' hole, becomes noticeable only at
short internuclear distances R and can similarly be de-
scribed by linearly combining the elementary potentials
V .(R) and V, (R). ' For the Ne'(3s)-Ar system only
the core potentials V .(R) and V .(R) give an anisotropic
contribution. For the internuclear distances R probed in
thermal energy collisions, this potential splitting is negli-
gible and the same Ne*(3s)-Ar potential is used for all
molecular states

~ J, II ) .
The ionization process is usually described by an opti-

cal potential V, ,(R ) given by

V, ,(R)= V(R) ,'iI (—R—) . (3)

In a classical interpretation the real part V(R) deter-
mines the classical trajectories and the autoionization
width I (R ) takes into account the loss of flux due to ion-
ization. The ionization rate at an internuclear distance R
is equal to I (R)/fi. To determine the R dependence of
the width I (R) of the optical potential, we have to obtain
insight into the mechanism of the process of ionization.
Two mechanisms have been proposed: ' ' a radiative
mechanism and an exchange mechanism. In the radiative
mechanism the excited Ne*'*' state decays to the ground
state, accompanied by the promotion of an electron of
the target atom to a free-electron state in the continuum.
Because the electron Hamiltonian does not operate on
the electron spins, the triplet excited Ne*[(3s); Po 2] and
Ne'*[(3p); D3] states are not coupled directly to the
Ne('So) ground state, so that the radiative mechanism is
forbidden. In the exchange mechanism an electron of the
target atom is transferred to the (2p) ' hole of the neon
atom, with a simultaneous transition of the excited
valence electron to a free-electron state. In a one-
electron approximation the first electronic transition,
e.g., Ar(3p)~Ne(2p) ' for an argon target, is thought to
determine the ionization rate, while the ejected Ne(3s)
[or Ne(3p)] valence electron has only a spectator role. In
this commonly used approximation the autoionization
width I (R) is proportional to the squared overlap in-
tegral of the spatial wave functions of the two orbitals in-
volved, as given by

This approach results in two basic autoionization func-
tions I .(R) and I (R), corresponding to the basic
orientations of the Ne(2p) ' hole. The summation over
all available Ar(3p) states automatically selects the
correct Ar(3p) valence electron. Because the molecular
Ne*'*'(J, Q)-Ar systems are not pure o. ' or vr' states, the
autoionization widths are linear combinations of these
basis functions, as given by

I (R)=c .I (R)+(1—c ~ )I .(R)

with c the relative o' population (Table I). As shown
by Driessen et al. ,

' the basis functions can be described
by a single exponential function with the onset of satura-
tion at small internuclear distances, in agreement with
experimental evidence. ' ' ' ' Semiclassical model calcu-
lations for the Ne*[(3s); PD2]-Ar system by Driessen
et al. ,

' using the real potential of Gregor and Siska and
the autoionization widths of Eq. (5), show a cross-section
ratio Q(J=0)/Q(J=2)=1. 12 at E =100 meV that is
much smaller than the experimental value
Q(J=0)/Q(J=2)=1. 31. For the Ne**[(3p); D3]-Ar
system, however, the energy dependence of the polariza-
tion e6'ect can be described in good approximation with
this simple one-electron model. '

A formal analysis of the process of ionization is given
within the framework of the Feshbach formalism with
the discrete fine-structure states (before ionization) and
the continuum states (after ionization) as two separate
subspaces of Hilbert space. The projection-operator for-
malism was originally adapted to collisional ionization by
O' Malley and subsequently refined by Bieniek. Au-
toionization widths for the He*(2 S)-H2 system have
been calculated with this theory by Hickman, Isaacson,
and Miller. For the case of associative ionization Jones
and Dahler have worked out this theory to a high de-
gree of sophistication, especially concerning the choice of
the quantum numbers involved.

In this paper we will adopt the projection-operator for-
malism for the Ne*'* -Ar collisions. In Sec. II we deal
with the choice of the bound and continuum states used
in the calculation and give a brief summary of the results
and notations of the projection-operator analysis of the
ionization process, together with an explicit formula for
the autoionization width. In Sec. III a two-electron ap-
proximation for I (R) is presented. Both electrons that
make a transition in the ionization process are then taken
into account. In Sec. IV we will discuss the aspects that
have not yet been incorporated in the calculated ioniza-
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tion widths for Ne*'*'-Ar. Section V is devoted to semi-
classical model calculations for the Ne*'*'-Ar system
with the basic autoionization width obtained in Sec. III.
The semiclassical results are compared to available exper-
imental data. In Sec. VI we present some concluding re-
marks.

II. PRO JECTION-OPERATOR ANALYSIS
OF PENNING IONIZATION

An extensive description of the application of the
projection-operator analysis has been given by Jones and
Dahler for the process of associative ionization. We
follow their approach to derive the autoionization width
for Penning ionization in the local approximation.

The state vector l% )) that describes the Ne*'*'-Ar col-
lision system is a solution of the Schrodinger equation

(H —E)l+)) =(T„;„+H„—E)l+)) =0,
with H the total Hamiltonian consisting of the kinetic-
energy operator Tk;„and the electronic Hamiltonian H, ~.

We assume that H, &
represents an electrostatic interac-

tion and does not operate on the spin states of the elec-
trons. The electron spins are therefore conserved quanti-
ties. Following the notation of Jones and Dahler the
double ket lV)) is the total state, describing both nuclei
and electrons. We divide the total Hilbert space of elec-
trons and nuclei in two subspaces: a Q subspace contain-
ing all "closed" channels (e.g., the initial Ne*'-Ar state
with all electrons in a bound state) and a P subspace con-
taining all "open" channels (e.g., the final ¹Ar state
with an unbound electron), with P and Q the correspond-
ing projection operators.

We want to derive the effective Schrodinger equation
for the projection Ql'0)) onto the subspace of "closed"

channels. Using the properties of the operators P and Q
we find

(~« —E)QI~ && =0,
with the effective Hamiltonian &«given by

&« =H«+HgpGp+HJg .

(7)

X[DM n(R)]*lQiR)),
with Fn; (E,R) the radial amplitudes and DM n(R) an

P
element of a representation of the rotation group. By
substituting Eq. (9) in Eq. (7) one obtains an integro-
differential equation for the radial amplitude:

The term H«=QHQ describes the direct coupling be-
tween the closed channels, i.e., the process of intramulti-
plet mixing. The second term HQPGP+HPQ, with Gp+ the
Green's operator, describes the indirect coupling of the
bound states via the "open" channels, which represents
an intramultiplet mixing process that is not due to radial
coupling at an avoided crossing in the adiabatic potential
curves.

To obtain an expression for the autoionization width
1 (R), we have to investigate the effective Schrodinger
equation [Eq. (7)]. We make an expansion of l%)) in kets
lPM~, QiE)), with P and Mz the quantum numbers of
the total angular momentum and its projection on the in-
ternuclear axis, 0 the magnetic quantum number of the
total electronic angular momentum along the internu-
clear axis, and i representing the remaining quantum
numbers. These eigenkets can be constructed from the
basis states

l QiR)) of the Q subspace according to

Fn; '«R) 2P+1PM„niE))= f dR
R 4m

(R)+ ~ P( + ) + E+ ~ g.R
2p dR ' 2p R2 2p $2R2

d
2 dR

QiR F~; ER

= —f dR'RR' f dk f dR' [DM „(R)]*DM „(R')((QiRlQ HPGp+P HQlfli R)) F„; '(E,R') .
0 7T

(10)

The right-hand side of Eq. (10) represents a nonlocal potential term in Q space due to the coupling with the P subspace.
Because the kinetic-energy operator Tk;„maps the Q subspace onto itself, the Hamiltonians that appear explicitly in the
coupling operator QHPG~ PHQ may be replaced by the electronic Hamiltonian H„. The matrix element can thus be
written as

(( QiR
l
QHPG p PHQ l

Qi R' )) =g g f dq f dq
'
[ V (R;Afq, i ) ]

' (( &fq R
l G~ l

Slf q
'R'

&) V ( R '; Slf q ', i ),

wherein

V(R;&fq, i) = (QfqRlH„QiR)
=f dr„pqi„(r, lR)pn f (r„ ilR)

XH,i(bn;(r„lR) . (12)

The double kets I Mq R )) are the eigenstates of H„ in the
P subspace, with q the wave number of the unbound elec-

tron and f representing all other quantum numbers. The
electronic matrix element V(R;Qfq, i) represents the
coupling of the initial state with the ionized state through
the electronic Hamiltonian H,&, which is diagonal in R.
Asymptotically the wave function Pn; corresponds with
the initial Ne*'*'-Ar system with the Ne atom in an ex-
cited state and the Ar atom in the ground state; the wave
function Pn f describes asymptotically the Ne-Ar+ sys-I I
tern with the Ne atom in the ground state and the Ar+
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is conserved. The Ar+ ion acts as the center for the wave
function p 2„, while the Ne atom has only a perturbing
role. The matrix element V(R;Qfq, i) is thus basically a
two-center integral involving n electrons, with n =28 for
the Ne*'*'-Ar system.

To calculate the coupling matrix element of Eq. (11)
with its "nonlocal" character is hardly possible. In order
to make the integro-difFerential equation solvable, one ap-
plies the "local approximation, " ' resulting in

&«fqRIG; l«q R'»

ifr5ff 5—(q —q')5(R —R')5(E —E(R)), (14)

with E =A' q /2m, the kinetic energy of the emitted
electron and s(R }=Efb(R) Enf(R) th—e vertical ioniza-
tion energy at internuclear distance R. The right-hand
side of Eq. (10) then reduces to the product of the radial
amplitude and an imaginary-valued potential (i/2)I';(R ),
with the autoionization width given by

&;(R)=2' g f dq ~
V(R;Afq, i) 5(s —E(R))

f

2~m,

fi q(R)
(15)

with the local wave number of the free electron given by
q (R)=2m, E(R)/A'. The validity of the local approxi-
mation has recently been discussed in detail by Haywood
and Delos and by Morgner.

We now assume that only two electrons are actively in-
volved in the ionization process of Eqs. (1) and (2). The
two-center n-electron integral V(R; Afq, i) of Eq. (12) can
thus be replaced by a two-center two-electron integral

atom in the ionized state Ar+[(3p) ', Pl/2 P3/2]. The
function P z„represents the continuum state, the emitted
electron departing with an orbital angular momentum
characterized by the quantum numbers A, and p. Because
the electric field is not centrally symmetric, the orbital
angular momentum p of the unbound electron is not a
conserved quantity, but

(13)

V(R;&fq, i)= J dx, dx2p„f (x, ,x, )

2X,
~

Pfh(Xl, X2) .
4WE'p~ r, —rz

(16)

The wave functions p(xl, x2) include the spin degrees of
freedom as well. The electronic Hamiltonian, given by
the Coulomb interaction, does not operate on the elec-
tron spins, which are conserved quantities in this two-
electron approximation.

III. TWO-ELECTRON APPROXIMATION FOR I (R )

+6:i3,(r2)43Prl )]
(17}

+0 I, (r2W2 (rl}]

where the —(+) sign refers to a triplet (singlet) two-
electron spin state. The notation 3s/3p indicates either
the 3s orbital or the 3p orbital. Because the Coulomb in-
teraction does not operate on the electron spins, the spin
quantum numbers are conserved quantities. The total
wave functions P(x) in the two-electron integrals can
thus be replaced by the spatial part P(r) of the wave
function. The transition-matrix element V(R;Qfq, i) can
thus be written as a linear combination of a radiation and
an exchange term:

V(R;Qfq, i)= V'"'"(R;Qfq, i)+ V" (R;Qfq, i),
with

A. Basic two-center two-electron integrals

Because only two electrons make a transition in the
ionization process of Eqs. (1) and (2), the autoionization
width can be determined by calculating the two-center
two-electron integrals of Eq. (16). The total (spin and
spatial) wave functions /nfl(x„x2) and nfl;(x„x2) of the
two electrons must be antisymmetric. The spatial parts
1i(r„r2) of the total wave functions p(x l, x2) are given by

1
Pni( 1 2) I. 83/3p( 1) P3p( 2)

2

2

(R +fq l) 5 5 f drldr2$q2p(rl W2p (r2)
4

~ ~

P3 /3p( 14~3@( 2)

e
.„fdr dr2~ 2. ( 1)~2 ( 2) 4

(19)

m, „m», m, A„and m, being the spin quantum numbers
of the Ne(2p) core orbital that is filled in the ionization
process, the Ne(3s/3p) valence electron, the Ar(3p) elec-
tron, and the emitted electron, respectively.

The spatial wave functions of the atomic orbitals in the
two-center two-electron integrals are all available and the
integrals can be calculated. For the Ar(3p) orbital we use
the atomic wave functions of Clementi ' and for the

Ne(2p/3s/3p) orbitals of the Ne ' ' atom we use the
Hartree-Fock atomic wave functions calculated by
Haberland. The wave function g &„ of the free electron
is calculated by solving the Schrodinger equation with a
spherically symmetric potential representing the Ar+-e
interaction. The screened Coulomb interaction we use is
given by Aymar, Feneuille, and Klapisch and has been
used by Kucal, Hennecart, and Masnou-Seeuws to cal-
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culate the Ar*'*' states. In the "local approximation"
the kinetic energy of the emitted electron is given by

E(R ) = =En, (R ) E—nr(R ) .
A' q (R)

2 Ale
(20)

The Coulomb wave function is calculated for quantum
numbers of the orbital angular momentum up to A, =7.
In order to minimize the computational effort, this calcu-
lation is carried out for a single kinetic energy co, given
by the asymptotic energy difference (r)=r'Y] (O, rp) pc;exp( —a;r ) . (22)

ic energy co is therefore fully acceptable.
The calculation of the two-center two-electron in-

tegrals V'"'"(R;Qfq, i) and V" (R;Mq, i) is performed
using the Gaussian ATMQL program ' running on a
CYBER 205 supercomputer. The computer code has
been developed at the University of Manchester. The
atomic wave functions f(r) are expanded in a series of
spherical Gaussian-type orbitals,

so=E(Ne"'') E(Ar+—( P ))

0.86 eV for Ne*[(3s); P2]
2.79 eV for Ne'*[(3p); D3] .

(21)

The atomic energy difference between the two fine-
structure states Ar+( P, /2 P3/i) is 0.177 eV; the R
dependence of the potential energies En](R) and En&(R)
broadens the energy spectrum of the emitted electron by
approximately 0.1 eV, as reported by Hotop and co-
workers. "" The approximation of using a single kinet-

The coefFicients c, and 0, of the atomic wave functions
are given in Table II. The u; coefFicients have been
chosen at fixed values and the c; coefFicients have been
determined in a least-squares analysis. The advantage of
Gaussian basis functions in quantum chemistry arises
from the fact that the product of two Gaussians centered
at different origins A and 8 results in another Gaussian
centered between A and B. The magnetic substates of
the spherical Gaussian-type orbitals lead to a large num-
ber of basic two-center two-electron integrals that have to
be calculated:

2
V'"'"(R;qApm, ,m] „m]«)= f dr]dr2$~&„(r])/zan~ (ri)

~ ~ g3 /3p (r])$3p (r2),

2~" (R q~pm'], em], Um], «) = f dr]dr2&~~„-(r])gz~'~ (r2)
i i 4ss'f3& ~ (r2)g~~'~ (r, ) .

(23)

In this expression the quantum numbers p, m&„mI „,
and mI A, refer to the electron states involved in the ion-
ization process. To construct atomic Ne '*' or Ar+
states, however, we will use the magnetic quantum num-
ber that represents the five residual core electrons, which
is reversed in sign and corresponds to
Ne(2p) ':—

l l, —m], ) and Ar(3p) '—:
l 1, —mi «). We

thus have to be very careful about the sign of the m quan-
tum number.

Because the Coulomb interaction is at least axially
symmetric, the conservation of the magnetic quantum
number [Eq. (13)] leads to the relation

I +~1c ~l v+~I Ar (24)

For Ne (3s) we get a maximum of five basic combina-
tions (p, , m& „m&, =0, mi «) for each quantum number
A, , while for Ne'*(3p) we end up with an upper limit of
14 basic combinations. These combinations are given in
Table III. The two-center two-electron integrals of Eq.
(23) have been calculated for all these combinations. This

has been done up to A, =4 and for 15 internuclear dis-
tances from R =3ao to R =12ao. The total computing
time for all these combinations amounted to 4 h.

B. Fine-structure-resolved autoionization widths

The purpose of this subsection is to determine the au-
toionization widths from the previous basic two-center
two-electron integrals. To keep the effort within reason-
able bounds, we make the assumption that the molecular
Ne*'*'-Ar states are equal to the antisymmetrized prod-
ucts of atomic Ne"*' and Ar states. We then have to
know the composition of the Ne '*' and Ar+ states in
terms of the basic gi orbitals. The Ne' ' states of in-
terest are pure triplet states: Ne'( Po, P2 ) and
Ne**( D3). These ILSJ )-states result from the
Ne+(2p) core and a (3s/3p) valence electron. They are
conveniently given as particle-hole states relative to the
Ne closed-shell configuration using the second-
quantization formalism

) = INe(2p) '(3p);LSJQ)
=g g (L Ml. S Ms I

J &) g g (1 —m], 1 m], I
L ML, )

I C I V

t

S, C S, V

(25)
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TABLE II. The Gaussian expansion coefficients c; and e; of Eq. (22) of the electron orbitals used in
the calculation of the two-center two-electron integrals of Eq. (23). The electron coordinates in Eq. (22)
are given in ao, resulting in c;=(ao} ' for ( =0 and l =1 and c;=(ao) for A, =o, a, 2, . . . .
The unit of a, is (ao) '. The o.; coefficients have been chosen at fixed values and the c; coefficients have
been determined in a least-squares analysis.

Cp

C3

C4

C5

0.')
0,'2

0!3

A4

Ne(2p)

—0.402
—0.796

1.225
0.015

20
8

0.4
0.01

Ne(3s)

0.377
—0.008
—0.996

0.105
0.650

10
1.5
0.24
0.05
0.02

Ne(3p)

—0.186
0.148
0.715

—0.631
—0.052

8

0.85
0.09
0.013
0.005

Ar(3p)

—O.OS6
—0.165

0.128
0.087
0.001
2
0.7
0.26
0.06
0.01

Coulomb wave P~~~ for Ne*(3s);
A, =1 A, =2

c, =0.86 eV

Ci

C2

C3

C4

Cg

C6

C7

C8

C9

C&O

CXi

0!2

0!3

0!4

a5
A6

0!7
A'8

A9

&&o

0.7 10
—3.089

2.373
0.625

—2.260
2.729

—2.418
3.955

—4.068
1.347

20
2
1

o. a 1

0.033
0.0156
0.0090
0.0060
0.0040
0.0022

10.099
1.229

—0.690
—0.192
—o.oao

0.156
0.183

—0.622
0.51S

—0.047
20
4
0.9
0.3
0.1

0.07
0.02
0.009
0.007
0.003

4.808
2.627
0.705
0.183
0.080
0.024
0.010

—0.029
0.025

—0.002
20
4
1

0.5
0.2
0.09
0.04
0.01
0.008
0.004

0.0153
0.0012
0.0010
0.0001
0.0012

—0.0017
0.0010

—0.0004

1

0.11
0.033
0.0156
0.0090
0.0060
0.0030
0.0018

Coulomb wave g~z„ for Ne**(3p);
A, =1 A, =2

a=2.79 eV

Ci

C2

C3

C4

C5

C6

C7

C8

C9

Cia

io

1.426
—2.499

2.100
—1.264

2.576
—3.314
—1.363

6.925
—7.649

3.063
20
3.4
0.44
0.25
0.11
0.062
0.021
0.013
0.007
0.004

15.500
0.944

—0.241
—0.759

0.004
—0.070

0.897
—0.912

0.318
—0.101
20
4
1

0.5
0.2
0.05
0.03
0.02
0.008
0.004

3.209
1.274
0.778

—0.141
0.034

—0.042
0.157

—0.308
0.196

—0.022
5
2.1

0.718
0.206
0.065
0.0195
0.0070
0.0050
0.0039
0.0022

0.83 X 10
—0.20 X 10

0.35 X 10
Q.38 X 1Q

—0.30X 10-'
0.84 X 10

—0.69X 10

0.25
0.11
0.062S

0.0210
0.0130
0.0070
0.0025
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TABLE III. Combinations (p, I& „mI „mI „,}in the basic in-

tegrals of Eq. (23). The magnetic quantum number of the total
orbital angular momentum Ml =m&, —m&, of the Ne atomg(g)

[Eq. (25)] is indicated as well. The notation ~ —a has been intro-
duced to refer to the basic integrals of Eq. {23).

Integral
notation

(Ps ml, c s ~I, u o ~l, Ar)

(0,0;0,0)
(1,0;0,1)

(0, —1;0,—1)
(1,-1;0,0)
(2', -1',0', 1)

Ne*{3s)
0
0
1

1

1

0, 1,2, . . .
1,2,3, . . .
0,1,2, . . .
1,2,3, . . .
2,3,4, . . .

(0,0;0,0)
(0,1;1,0)

( 1, —1; —1, 1 )

(1,0;0,1)
(1,1;1,1)

(0,0'1 —1)
(0, -'1;0, -1)
{1,—1;0,0)

(1,0;1,0)
(2, —1;0,1)

(2,0;1,1)
(1,—1;1,—1)
(2, —1;1,0)
(3, —1;1,1)

Q )fc

( 3
0
0
0
0
0
1

1

1

1

1

1

2
2
2

0,1,2, . . .
0,1,2, . ~ .
1,2,3, . . .
1,2,3, . . .
1,2,3, . . .
0) 1 )29 ~ ~ ~

0, 1,2, . . .
1,2,3, . . .
1 2 3 .
2,3,4, . . .
2,3,4, . . .
1 2 3

2,3,4, . . .
3,4,S, . . .

with a the "hole creation operator" defined by

= ( —1) "(—1)
I, c s, c

+ a(nl)m m
1, c s, c

(26)

XQ3 i
—i i@0

~(,Ar s, Ar
(27)

The hole quantum numbers —mI, and —m, , refer to
the Ne+(2p) core and are opposite in sign in comparison
with the m quantum numbers of the Ne(2p) state, which
will be filled in the ionization process. The phase factor
and the reversal of magnetic quantum numbers ensure
that a has the same transformation properties as the par-
ticle creation operator a with the same —m I, and
—m, , subscripts. Note that the quantum numbers J and

Q in Eq. (25) play the role of the collective quantum num-

ber i used previously. A similar expression applies to

lOJn
The final ionized state results from the Ar+(3p) core

and can be written as a linear combination of the
Ar(3p) ' hole states. Because the quantum numbers
mi A, and m, A, refer to the Ar(3p) electron, which is re-
moved in the ionization process, the Ar(jp) ' hole state
is described by m quantum numbers, which are reversed
in sign:

I @1&, &
= lAr(3p)-'; J'&, &

g (1 miA. —' m, ,A, IJ'&I)
1Ar s, Ar

l
V'"'"(R;f=J'fl, lk,pm, q, i =JO)l2 . (29)

The collective quantum numbers i and f are now specified
explicitly in this expression. The matrix element
V'"'"(R;f=J'QIApm, q, i=JA) is given by Eq. (A5).
This matrix element is a linear combination of the basic
two-center two-electron integrals of Eq. (23), determined
by the Clebsch-Gordan coeflicients of Eqs. (25) and (27).
The functions fJ. »(R) can be expressed in the basic
two-center two-electron integrals of Table III, denoted

In Table IV these functions are given. The func-
tions fJ. Jn(R;A, ) are equal to those obtained by Bussert'
for Ne*(3s). The total autoionization width I »(R) is
obtained by summation over the final fine-structure states
of the Ar+ ions:

2mm,r, (R)=,
A' q(R)

with

(30)

fJn(R;A)=g fJ J„(R;A) . (31)
Jf

The functions f»(R, A, ) are presented in Table V. prom
this table we obtain

foo ( R ) = —,
'

[f2o ( R ) +2f2, ( R ) +2f~~ ( R ) ], (32)

which impIies that the average autoionization widths for
Ne*( P2) and Ne*( Po) are equal. This can also be seen
in Fig. 1, where we have presented the calculated au-
toionization widths for the Ne (3s)-Ar system. Thus, as
already stated in Sec. I, there is no mathematical evi-
dence for a di6'erence in the spherically averaged autoion-
ization width for the two Ne*[(3s); Po 2] fine-structure
states.

Experimental polarization efFects in ionizing collisions
have been determined, i.e., ionization cross sections for
Ne ' -Ar with the excited neon atoms in an asymptoti-
cally pure magnetic substate. " ' ' ' State selection of
the final state Ar+( P, /p P3/2 ) has also been per-
formed. " ' Therefore we construct autoionization
widths I J. Jn(R ) which resolve both initial magnetic sub-
states Ne"'(J, A) and final fine-structure states Ar+(J').
Of course the evolution of

l J,M )s to l J& 0 )R has still to
be taken into account before a direct comparison is possi-
ble. By substituting Eqs. (25) and (27) into Eq. (19) we
can write each of the n-electron H, &

matrix elements as a
linear combination of the basic two-center two-electron
integrals of Eq. (23), which have been calculated. Using
the second-quantization formalism it is easily shown that
for a triplet state the radiative term V" (R;Afq, i) is
equal to zero (see the Appendix). The final expression for
the autoionization width I z, »(R) is given by (see the
Appendix)

2&m~
I J»«)= — X fJ»(R ~»

fi q(R)

with

fJ»(R &A, )
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TABLE IV. The functions fJ„J.(R) of Eqs. (28) and (29) expressed in the basic two-center two-electron integrals, denoted by a —a
according to Table III.

Ne*(3s)

PO, J=0,0=0
P2,J =2,0=0

'P2,' J=2,0=1
P2', J=2,0=2

Ar+( P
~ y2, J' = 1/2)

9 [(a+2c) +2(S+8') ]

9[2(a—c) +(28—2') ]

—,', [2(a —c)'+ (28—4)'+4'+ 2e']

—,'(W +2e')

Ar+( P3y2' J =3/2)

9 [2(a —c)'+(8—2W)'+38'+6e']

9 [(2a+c )'+ 2(z'+ Z)'+ 68'+ 3e']

&&
[(2a+c) +2(/+W) +68 +3c +2M +4e ]

—(3e +2& +e )

Ne**(3p)

D J=3 0=0
D3,J =3,0=1
D3,J =3,0=2
D3',J=3,0=3

AI+( Piy2 J = 1/2)

—,'0 [4(/—p +4 —8 )'+ 2(A' —2z'+~'+ ~ a)—']
—', [4(/—@+4—8) +2(A —2z'+~'+~ ~)'+2(rn a+y—) 2+(2o —2p+e. )~]

—,
' [2(~—rz+y) +(2z —2P+e) +~ +2& ]

3(r +2& )

Ne**(3p)

D 'J=3 0=0
D 'J —30—1

D3,'J =3,0=2
D3,' J=3,0=3

Ar+( P3~2,' J'=3/2)

3O [2(2/—2p —4+8) +(8 2z'+~' —2rrz+2a—) +3(A —2z'+~')2+6(c —p)2]
—', [2(2/—2~ —a+ 8) +(8—2z'+~' —2~+2rz)~+(2m 2a ——y)2+2(a —p —g )2

+3{8—2z'+~')2+6(A —8)'+6(o —P)'+3& ]
—,'s [(2rrz —2' —y) +2(c —p —e ) +2z. +4& +6(a —E)~+3y2]
1 (3~2+2~2+~2)

C. I'z z„(R) for Ne {3s)-Ar

Using the expressions obtained in Sec. IIIB, the au-
toionization widths have been calculated. For the
Ne*[(3s); Pz, 0]-Ar systems only the first three A, values

contribute significantly. The functions fJ zn(R;A, ) be-

come negligible for A, ~ 3. The total widths I Jn(R ) of Eq.
(30) are shown in Fig. 1. The numerical values for
I zn(R) are given in Table VI.

The polarization effect I zn(R )/I oo(R) is shown in Fig.
2. For large internuclear distances (R ~ 5ao) the polar-

ization effect is practically proportional to the relative
populations c of the o' configuration of the Ne(2p)
hole, as given in Table I. For an internuclear distance
R =3.5ao the polarization effect is equal to unity. In the
one-electron approximation of Driessen et aI. ' the two
basic autoionization widths I o.(R) and I &(R) are also
equal for R =3.5ao. This confirms the interpretation of
the Ne (3s)-Ar ionization process as a one-electron ex-
change process accompanied by the emission of a specta-
tor electron.

We have determined the fine-structure-dependent au-

TABLE V. The functions fJ„(R)of the total autoionization width of Eq. (30) expressed in the basic integrals of Table III, denoted
by ~ —a.

Ne*(3s)

P 'J —00—0
P J=2,0=0
P2,J=2,0=1
P2,'J =2,0=2

(gg +2/ +24 +2/ +2/ )

—,'(2 2+482+ 2+42+.2)

1 (~2+2/2+~2++2+~2)

Q(3 )

D J=3 0=0
D3,J=3,0=1
D3,J =3,0=2
D J=3 0=3

—,
' [{/—~)'+ {A—2z'+~') + (4—8)'+ (~—rz )'+ (a —~)']

—,', [4(/—~) +2(A —2z'+~')'+4(A —8)'+4(~ rz )'+4(o ~)'+ y'+ ~'+&']—
—,
' [(4—8) +(~ a) +(c —P)'—+y'+e. +S']
(y2+ ~2+&2)
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TABLE VI. The autoionization widths I J„(R) for the Ne*(l J,Q)a)-Ar system as obtained in the
two-electron approximation of Sec. III. The widths are given in eV.

R
(units of ao)

3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
9.0

10.0
11.0
12.0

Ne*( Po)
Q=O

1.66X10'
7.84 X 10-'
4.36 X 10-'
1.69 X 10
6.59 X 10-'
2.62 X 10-'
9.04 X 10
2.49 X 10-'
5.59 X 10
2.10X 10-'
1.92 X 10-'
1.03 X 10
2.20 X 10-'
2.71X 10-'
2.87 X 10

Ne*('P, )
Q=O

1.20 X 10
7.64 X 10
6.54 X 10
2.79 X 10-'
1.13X10-'
4.65 X 10-'
1.65 X 10
4.64 X 10-'
1.06 X 10-'
3.95 X 10
3.63 X 10-'
1.98 X 10-'
4.24 X 10-'
5.16X 10-'
5.29 X 10-'

Ne*('P2 )

Q=1

1.43 X 10
7.74 X 10-'
5.45 X10-'
2.24 X 10
8.95 X 10
3.63 X 10-'
1.28 X 10
3.56 X 10-'
8.07 X 10-'
3.02 X 10
2.77 X 10-'
1.50 X 10
3.22 X 10-'
3.94 X 10
4.08 X 10-'

Ne*('P, )
Q=2

2.12X10'
8.04 X 10-'
2.18 X 10
5.92 X 10-'
1.87 X 10
5.87 X 10-'
1.58 X 10
3.36X10-'
6.38 X 10
2.59 X 10-'
2.S9 X 10
7.61 X 10
1.55 X 10-'
2.60 X 10-'
4.44 X 10

toionization widths I J Jn(R) of Eq. (28). The ratio

Wz. Jn(R ) =I I Jn(R. )/rjn(R) (33)

The integrals 8 and sonly give contributions for A, ~ 1,
the integral e for A, ~2. Their absolute values are small
compared to ~:

gives the fraction of the ionized states ending up in an
Ar+( PJ ) state. This ratio is illustrated in Fig. 3 for
J'=

—,'. In this figure we see that the Ne'( Pc;0=0) state
has a strong preference to produce Ar+( P3/2) ions.
Only about 10% of the produced Ar ions end up in an
Ar+( P, &z) state. For the Ne'( Pi', 0=0, 1) states we
observe no preference to produce a specific fine-structure
state of the Ar+ ion, while the Ne*( P2', Q =2) state pro-
duces almost exclusively Ar+( P3&2) ions. From Table
IV we can understand this feature. The functions
fz. zn(R) contain coherent sums of the integrals ~ —e.

l~/~l &0 1&~ I&/~l (0.25, le/al (0.02 . (34)

The ratio c/~ has an R dependence as shown in Fig. 4.
It is practically independent of the quantum number A, .
The average ratio is

e/~ = —0. 18 (35)

in the range R ~6ao as relevant for a thermal collision
energy F. =60 meV. Taking this ratio and neglecting the
integrals 8, W and e, we obtain the ratios

10

I I I I I I I

1.5—

10

tU

10
C

10 , (2,0)
'&(2, 1)

(o'.o)

,2)
I I

(2
I I I I I I I I I I I I

5 10

internuclear distance R (units of ao)

CL

C)
C3

C

CK

C

1.0—

0.5—

JA =

(0,0)

(2,2 )

5 10

internuclear distance R (units of ao)

FIG. 1. The total autoionization widths I Jz(R) for the
Ne*(3s)-Ar system. An exponential behavior is observed. The
dip at R =7ao is caused by the two-electron integrals ~ and c of
Table III, which have a zero at R =7ao for A, =O and 2. These
integrals have the largest contribution to the autoionization
width.

FIG. 2. The polarization e6'ect I J&(R ) /I 00(R ) for the
Ne*[(3s)]-Ar system. Asymptotically this polarization effect is
proportional to the relative populations of the o' configuration
of the Ne(2p )

' hole of Table I, resulting in
c (JQ)/c (00)=2, 1.5, and 0 for (J,Q) ={2,0), (2, 1), and (2,2),
respectively. The spherical average I 2(R ) = —,

' [I 20(R )

+21,(R)+21 (R)] is equal to I (R).
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CY
0.5—

C:

I

f
I I I I

h

fy

I:

final state J'- ~2

initial state j0 =

(2,0)
(2.1)

~ (oo)
—I

~
I

'~.~. L ~. I
(2 2)

5 10
internuclear distance R (units of ao)

15 Q(J';J)-I J J . (39)

Based on the experimental results of Hotop, Lorentzen,
and Zastrow for state selection of the final fine-structure
Ar+( P, /2, P3/2) states at a collision energy of E =60
meV, Morgner has estimated the ratios of the two-
center two-electron integrals for the Ne*(3s)-Ar system.
As in our analysis, the initial state is assumed to be a pure
atomic state [Eq. (25)]. The two-center integrals zz —e
serve as parameters for the autoionization widths
I z Jn(R), which thus demonstrate an R-independent rel-
ative scaling according to the functions fJ Jn(R) (see
Table IV). The experimental data on Ne*( P0, P2) are
obtained with unpolarized projectiles. Therefore the
relevant cross sections are assumed to be proportional to

FIG. 3. The ratio of the fine-structure-dependent autoioniza-
tion widths WJ Jz(R)=I J Jz(R)/1 Jz(R) for J'=1/2, which
represents the fraction of the produced Ar+ ions ending up in
an Ar+( P&/& ) state. For J'= 3/2 the ratio is

W3/2 JQ (R ) = 1 —W$ /2 JQ ( R ).

B= Q (3/2;0)/Q (1/2;0) =3.94(14),
B =Q (3/2; 2) /Q ( 1/2;2) = l. 51(7) .

(40)

The parameters are determined from the experimental
fine-structure branching ratios for E =60 meV,

f i /2, 00 ( R )/f 3 /2, 00 ( R ) =0. 1 5

f i/2, 20(R )/f 3/2, 20(R) =f i/2 2i(R)/f3/2 2, (R)

=0.84,

f, /2 22(R)/f3/2 22(R) =0 .

(36)

—= —0. 106,a
(41)

From this analysis Morgner finds that the integrals a —e
should satisfy the conditions

For a direct and simple comparison with Morgner's
analysis of experimental data we introduce the autoioni-
zation width for unpolarized projectiles as

(37)

When comparing the ab initio and experimental values
for the ratio c/~, as given in Eqs. (35) and (41), we have
to consider the sensitivity of c/zz for errors in the fine-
structure branching ratios B of Eq. (40). Assuming
8=W= e =0 we can directly derive

I 3/ 0/I / 6 7

3/2 2/I i/2 2
= 1.3 .

I I I I

CO
CO

CO
CO

I 0

I

CO

~f—a—Ijt

+

with g0 = 1 and gn =2 for QWO. We then find

(38)

b, (c/zz)
1 4b( B) 6( B)

c/a (42)

c/a = —0. 106+0.005 for B

c/a = —0. 106+0.02 for B .
(43)

which relates the relative variation of c/a to the error in
either B or B. Of course, each of the parameters B or
B is sufficient to determine the value of c/a. The experi-

mental errors [Eq. (40)] are b, ( B)/ B =3.5'~/c and
b, ( B)/ B =4.6%, leading to k(c/zz )/(c/zz )=5% when
using B or 20% when using B and thus

~ Ii=0
+: &=1

-1.0 I I I I I I I I I I I I I I

5 10

internuclear distance R (units of ao)

FIG. 4. The R dependence of the ratio c/~ of the two-center
two-electron integrals, denoted e and a according to Table III,
for A, =O, 1, and 2. This ratio is practically independent of the
quantum number k of the emitted electron.

However, the assumption in Eq. (39) of a linear relation
between cross section and autoionization width intro-
duces an extra systematic error in this simple analysis.
Due to saturation effects in the cross section, the actual
ratio r3/2o/I, /2o will be larger than the experimental
fine-structure branching ratio B. This effect can be of
the order of +5% to +10%, resulting in an extra error
b, (c/zz)/(c/zz) =+8% to +14% for the value based on
the experimental result of B. Taking into account this
sensitivity we can conclude that our ab initio value for
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FIG. S. The total autoionization widths I &&(R) for the
Ne**(3p)-Ar system. An exponential behavior is observed and
the onset of saturation is clearly observed for the
Ne**( D3, A=0, 1)-Ar systems at R =4ao. For large internu-
clear distances the ratio I 30(R)/I 33(R) is very large, almost
three orders of magnitude.

c/~ is, although slightly too large, in fair agreement with
the value derived by Morgner from Hotop's experimen-
tal results.

In Sec. VC we will present semiclassical calculations
with the calculated autoionization widths I 1 zn(R). An
important conclusion can already be made at this stage.
The average value of the I zn widths for Ne*( P2 ) is
equal to I oo for Ne*( Po), which does not give a new
point of view to explain the Q( Po)/Q( P2) ratio beyond
the analysis given by Driessen et al. ' in terms of the
two-state basis I ~ and I „.. In Sec. IV we will discuss
this discrepancy in more detail.

FIG. 6. The polarization effect I 3&(R ) /I" 3(R ) for the
Ne**('D3 )-Ar system. The Ne**( D3,0=0, 1)-Ar systems ion-
ize very well, whereas the Ne**( D3,0=2,3)-Ar systems ionize
very poorly.

D. I J Jz(R ) for Ne* (3p)-Ar

The expressions for I J. ~n(R) and I Jn(R) of Eqs. (28)
and (30) have been used to calculate the autoionization
widths for the Ne'*( D3, II)-Ar system. The average au-
toionization width 1 3(R ) for Ne**( D3 )-Ar is given by

I" (R)= —,'[I (R)+2I,(R)+21 (R)+2I (R)] . (44)

The calculated widths I 3n(R) are presented in Fig. 5.
Numerical values for I 3n(R) are given in Table VII. The
polarization effects I 3n(R)/I 3(R) are given in Fig. 6.
For large internuclear distances (R )5ao) the polariza-
tion efFect is very pronounced. It is, however, not pro-
portional to the relative populations c ~ of the 0'
configuration of the Ne(2p) ' hole for the atomic Ne**
states as given in Table I. The construction of the au-
toionization widths in the one-electron approximation is

TABLE VII. The autoionization widths I Jn(R) for the Ne* ( D, ; ~ J,Q)a)-Ar system as obtained in
the two-electron approximation of Sec. III. The widths are given in eV.

R
(units of ao)

3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
9.0

10.0
11.0
12.0

Ne*('D3 )

Q=O

1.92 x 10
8.40 x 10-'
8.13x10 '
5.70 x 10
3.13x 10
1.65 x 10-'
8.86 x 10-'
4.58 x 10
2.09x 10-'
7.83 x 10
2.32 x 10-'
1.69 x 10-'
8.01x 10-'
2.68 x 10-'
6.63 x 10-'

Ne*('D, )

Q=l

1.67 x10-'
6.77 x 10-'
6.08 x 10-'
4.14x 10-'
2.23 x 10-'
1,15x lo-'
6.13x 10-'
3.14x 10-'
1.42 x 10-'
5.31x 10-'
1.57 x 10-'
1.15x 10
S.41 x 10-'
1.81 x 10-'
4.52x 10

Ne ('D, )

0=2
1.14x 10-'
3.71x 10-'
1.91 x 10
9.29 x 10
3.79 x 10
1.46 x 10-'
5.73 x 10-'
2.18x10 '
7.51 x 10-'
2.22 x 10-'
Ssoxlo '
4.24x 10
1 ~ 83 x10-'
7.01 x 10-'
2.46x10 '

Ne*('D, )

A=3

1.03 x10-'
4.64x 10
1.60x 10
4.56 x 10
1.14x 10
2.61 x 10
5.61 X 10
1.10x 10
1.83 x 10
2.20 x 10
2.11x 10
1.95x10 '
9.53 x 10-'
3.22 x 10
1.04x 10-'
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/gl &0.25,

L /yl, l~/gl &0.10,
I./gl, Is/gl & o.Qs,

ls//I, I //I, I///I, I z/I, i~i/i =0.0.

(45)

For all Ne**l(2p) (3p);J=1,2, 3]-Ar systems ionization
cross sections have been measured by Bussert et al. ,

' '
resolving the fine-structure states of the produced Ar+
ion. For Ne ( D3 )-Ar the fine-structure branching ratio
at E = 110meV is

therefore not correct. In contrast, for R =3.5ap the po-
larization e6'ect tends to become unity, which is in agree-
ment with the two-state basis I .(R) and I (R) of
Driessen et al. ,

' indicating that the overlap integral of
Eq. (4) is the dominant factor in the calculated two-center
two-electron integrals of Eq. (23).

The ratio Wz gati(R ) of the fine-structure-dependent au-
toionization widths I z Jn(R) of Eq. (33) is shown in Fig.
7 for J' =—,'. From this figure we see that the
Ne*'( D3, Q'=0, 1) states have no preference to produce
a specific fine-structure state of the Ar+ ion. The
Ne**( D3,'0=2) state produces approximately 85% of
the Ar+ ions in the Ar+( P3&2) state and about 15% in
an Ar+( P»2) state. For the Ne *( D3,'0=3) states we
observe almost exclusively Ar+( P3/2) iona. The two-
center two-electron integrals of Table III that contribute
most significantly are /and 8, which represent the same
(p, m& „'mt „,mi A, ) combinations that are dominant for
Ne -Ar (/corresponding to u and 8 corresponding to c).
The R dependence of the ratio 8//is shown in Fig. 8. It
is practically equal to the ratio c/u of Fig. 4. The abso-
lute values of the other two-electron integrals compared
to are

I
f

I I I I
j

I I I I

+ +
~-p o ~

p p

-0.5—

~:X=O
+:P=l
p: A,

-1.0 I I I I I I I I I I I I I I

5 10

internuclear distance R (units of ao)

FICi. 8. The R dependence of the ratio 8//of the two-center
two-electron integrals, denoted 8 and /according to Table III.
This ratio is practically independent of the quantum number A,

of the emitted electron. We observe the same behavior as the
ratio c/~ of Fig. 9. According to Table III these integrals
represent the same (p, ml, ', ml „m, A, ) combinations (cz =/and
c =—8).

The ratios of the two-center two-electron integrals for the
Ne**(3p)-Ar system have been estimated by Bussert as
well. Similar to Morgner's analysis, which has been de-
scribed briefly in Sec. III C, the integrals serve as parame-
ters for the autoionization widths I z Jo(R). In his
analysis Bussert takes into account only those two-
electron integrals in which the magnetic quantum num-
bers of the individual electrons are conserved, i.e.,
p=mt „and mI, =mI «(/ 8, &', rz, and y). In a least-
squares analysis of the cross-section data according to
Eq. (39), the integral ratios were fixed at

'B =Q(3/2;3)/Q(i/2;3) =1.60(3) . (46) /j'=0. 71+0.11, 8//=0. 04+0.08,

~'/ j'= —0. 14+0.03, y /g= —0. 18+0.09 .
(47)

I I I I [ I I I I I I I

final state J = 2

initial state JA =

(3,0)
(3,1)

(3,2)
I- ~- J.~. I.r. I' r --I

5 10

internuclear dist ance R (units of ao)

FIG. 7. The ratio O'J Jz(R ) for J' = 1/2 of the fine-
structure-dependent autoionization widths for the Ne**('D3)-
Ar system. The ratio Rz Jz(R)=l J Jz(R)/I Jz(R) represents
the fraction of the produced Ar+ ions ending up in Ar+( PJ )

state.

The uncertainties in these ratios are very large. In com-
parison with our ab initio results, we conclude that it is
not justifiable to neglect the integrals p and ~. More-
over, in comparison to the Ne*(3s)-Ar case, the assump-
tion of R-independent ratios of overlap integrals is less
justified because a much larger range R &4.5ao contrib-
utes. This is due to the steeper repulsive branch at srnall-
er internuclear distances and the deeper potential well,
which both result in smaller values of the classical turn-
ing point at the same energy and impact parameter.
Therefore it is no surprise that the integral ratios are not
in agreement with our integral ratios.

In Sec. VB we will present semiclassical calculations
for the Ne "( D&)-Ar systems. The pronounced polar-
ization effect in I 3n(R)/I ~(R) should be able to explain
the experimental polarized-atom cross sections, measured
for Ne**( D3)-Ar by Driessen et a/. ' "Locking" phe-
nomena will be included in order to obtain the correct en-
ergy dependence of the polarized-atom cross sections as
discussed by Driessen et al. '
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IV. DISCUSSION OF I z zz(R) FOR Ne (3s)-Ar

The autoionization widths we obtained in Secs. IIIC
and IIID show a pronounced 0, splitting. The experi-
mental polarization effects observed in the ionization
cross section Q (E) for an asymptotic Ne*~*'(~J,M)g)
state colliding with Ar can thus be explained as will be
shown in the next section. For the Ne*(3s)-Ar system
the average autoionization widths for P2 and PD were
found to be equal in our model [Eq. (32)]. As stated ear-
lier in Sec. III C this means that the ratio
Q( PD)/Q ( P2) cannot be explained by our present at-
tempt to go beyond the analysis given by Driessen
et al. ' in terms of the two-state basis I .(R) and I,(R).

In our analysis we assumed the molecular states
Ne*(~J, Q)~)-Ar to be pure atomic states [Eq. (25)]. The
replacement of a pure state by a linear combination com-
plicates the formulas. Bussert' has calculated the adia-
batic eigenstates for Ne*'*'-Ar for R =5.5a0 and 10a0.
For R =5.5a0 the Ne*( P0, P2) states are still 97%
atomic states, which indicates that the above assumption
is legitimate.

Only the exchange term has been taken into account in
the autoionization widths I z zo(R) [Eqs. (29)—(31)]. The
calculation of the two-center two-electron integrals of Eq.
(23) showed that the radiation mechanism and the ex-
change mechanism are competitive for small internuclear
distances (R & 6a0). For larger internuclear distances the
radiative term is dominant, because it decreases asymp-
totically as R while the exchange term decreases ex-
ponentially. The admixing of a very small fraction of the
Ne*('P, ) singlet state for large R values might possibly
increase the autoionization width for Ne*( P0)-Ar more
than for Ne'( P2)-Ar. The molecular adiabatic eigen-
states for Ne*-Ar can be determined by diagonalizing the
total Hamiltonian in the ~LSJQ) representation. For
Q =0 the constraint of reflection symmetry generates dis-
tinct + and —classes, containing the odd and even J
states, respectively. Therefore the Ne*( PD, P2;Q=O)
states cannot admix the Ne'( 'P, ; 0=0) state. Only for
the Ne*( P2, 0=1)-Ar system can a singlet contribution
be obtained. This implies that only the autoionization
width for the Ne*( P2, 0=1)-Ar system can be in-
creased, leaving us with an unexplained Q( PD)/Q( P2)
ratio. However, the results of Bussert' for the adiabatic
eigenstates in terms of atomic ~LSJQ) states show that
the admixing is negligible at these large distances and no
influence at all is to be expected from the radiative mech-
anism.

For smaller internuclear distances (R &5.5a0), the
mixing of ~LSJQ) states is no longer negligible. If the
exchange and radiative terms, which are of comparable
size now, were to interfere destructively for the singlet
state according to Eq. (33), the autoionization width for
Ne ( P2,'f1= 1)-Ar may be diminished. The small mix-
ing of Ne*( PD, P2,'0 =0) states may even result in an in-
crease of the ionization rate for Po at the expense of P2.
Because I z zn(R) contains coherent terms, this increase
can be more than proportional to the admixed popula-
tion. We have to realize, however, that the range of im-
pact parameters that probes these small internuclear dis-

tances is very limited (if existing at all at thermal energy),
which would still result in a rather small effect on the to-
tal cross section.

This leaves us with an unexplained cross-section ratio
Q( P0)/Q( P2). The only approach that remains is a
full analysis with molecular states, which is beyond the
scope of this paper. In view of the above discussion it is
not clear whether this will solve this problem.

One might be tempted to ascribe the discrepancy of
our theoretical result with the experimental ratio
Q ( P0)/Q ( P2) to the fact that we left out (anti) sym-
metrization of the Q basis states

~
Qi R )) with respect to a

plane through the internuclear axis. Note, however, that
it is not necessary to introduce reflection parity from the
beginning: it is included automatically if one includes the
coupling of the z' magnetic quantum number by the J~
operator in Eq. (10). If instead reliection parity had been
included from the beginning via a superposition of oppo-
site z' magnetic quantum numbers, this would not have
changed the autoionization widths I (R): the operator
QHPG~ PHQ is axially symmetric and reAection invari-
ant and is therefore diagonal in Q with diagonal elements
independent of the sign of O.

V. SEMICLASSICAL CALCULATIONS

A. Semiclassical model

5V '"(R)=max[Vn(R) —Vn (R)], (48)

and can thus be translated into a precession frequency
co „,(R) of the J vector about the internuclear axis, as
given by

co „,(R)=b V '"(R)/(JA') . (49)

This precession frequency co „,(R) has to be compared to
the angular velocity P(R ) of the rotating internuclear
axis. The space-fixed description of the electronic angu-
lar momentum J is valid in the situation that
P(R) ))co „,(R). On the other hand, if P(R) «co „,(R)
a body-fixed description of J is necessary. There is a
gradua1 transition between the two descriptions. In our
semiclassical model, however, we introduce a sharp
boundary at RL between the regions where the two J

To calculate the polarized-atom cross sections
~Q~M(E) from the II-dependent optical potentials [Eq.
(3)], we use the semiclassical model as described by
Driessen et al. ' ' Basically this model is a classical tra-
jectory calculation of an asymptotic pure magnetic sub-
state Ne*'*'(~ J,M )s) colliding with an Ar atom with im-
pact parameter b.

Rotational coupling describes the scrambling of the Q
distribution caused by the rotation of the internuclear
axis. The rotational coupling is effective if the 0 splitting
in the real potential Vn(R ) is negligible. In this situation
the Q quantum number is not a conserved quantity and a
space-fixed description of the J vector is applicable. For
a large 0 splitting in the real potentials Vn(R) a torque
operates on the total electronic angular momentum J.
The 0 splitting is characterized by
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descriptions are applicable. This locking radius RL can
be calculated with the condition

co „,(Rl )=fLQ(RI ), (50)

V(R)= g [cn(R)] Vn(R) g [cn(R)] (51)

with c&(R) the R-dependent coeKcients of the molecular
state gn co(R)

~
J,Q). The potential is normalized by the

total population gn [cn(R)], which is less than or equal
to unity, because a fraction of the

~ J,Q) states is lost in
the ionization process. The evolution of the local molec-
ular 0 distribution cn(R) to a new distribution
cn(R+AR) is given by

where fL is a locking factor. Previous calculations of
Manders et a/. for the Ne *-He intramultiplet mixing
process and of I3riessen et ah. ' ' for the Ne*'-Ar ion-
ization process indicate this locking factor to be fL =4.
Especially the energy dependence of the polarization
eIII'ect in the ionization cross section depends critically on
this locking factor.

In the space-fixed description of the electronic angular
momentum J, we assume that the Q distribution of the
local molecular states gncn(R) ~

J,A) moves along a sin-
gle trajectory, which is calculated with an average real
potential V(R ) given by

'g' ~= J'"db 2~I' (S~J,M) .
0

(S3)

A final remark concerns the absolute value of the au-
toionization width. In contrast to the simple one-
electron model discussed by Dnessen et al, ' the two-
electron approach of this paper should give absolute
values. However, in the calculation of the two-center
two-electron integrals of Eq. (23) with the ATMoL pro-
gram the electron wave functions are sealed with a
nonspecified normalization procedure. We were not able
to deduce the relation of the normalization constant with
the c, and a; coeKcients of Eq. (22). Therefore we were
forced to introduce an arbitrary scaling factor for the
two-electron approximation. In Tables VI and VII we
have tabulated the scaled autoionization widths I n(R}
which have been used in the semiclassical calculations.

our calculations and the calculations of Bussert
et ah. "

The process of ionization for each
~ J,A ) state is de-

scribed by the attenuation factor exp[ —I n(R}htlfi)
We thus obtain an ionization probability p(b~ J,M) for an
initial pure magnetic substate Ne*'*'(

~
J,M ) ) colliding

with an Ar atom with an impact parameter b. The total
ionization cross section Q ~ can now be calculated
through

cn(R+bR) = g dun, (6$)cn, (R) (52) B. Cross-section results for Ne**( Dz )-Ar

with d&n, (b,P) the Wigner d function and b P the angle in
the collision plane between the two orientations of P(R)
and P(R+ hR) of the internuclear axis.

When the body-fixed description is appropriate, the 0
splitting in the real potential V&(R) is not negligible. In
our semiclassical model, each local molecular state

~ J,0 )
then follows a unique trajectory determined only by
Vn(R) and no 0 mixing due to rotational coupling
occurs. Therefore the particle trajectory splits in J+ II

trajectories when going from a space-fixed description to
a body-fixed description.

The inelastic process of intramultiplet mixing (also re-
ferred to as fine-structure changing collisions), mediated
by radial coupling at the "avoided crossings" in the adia-
batic potentials, is incorporated in our semiclassical mod-
el with Landau-Zener theory. ' ' ' For each trajecto-
ry a crossing probability p is calculated for going to
another Ne** state of the (3p) multiplet. At the crossing
radius R the Ne**(3p) state is divided over the two
states according to this probability. The particle trajecto-
ry thus splits into two trajectories when passing an avoid-
ed crossing. We have tested our semiclassical program
by comparison with fully quantum-mechanical coupled-
channel calculations for the case of intramultiplet mix-
ing in the Ne**-He system (where, of course, ionization
does not occur). We observe a very good agreement, both
for absolute values and polarization e6'ects. In our calcu-
lations for the Ne**[(3p);J =3]-Ar system, the radial
coupling to the neighboring Ne*"(3p) states is taken into
account as well. We thus expect no difference between

For the Ne**( D3 )-Ar system four independent
polarized-atom cross sections Q ~ ~(E) are to be deter-
mined. Experimentally it is very diIIticult to prepare pure
magnetic substates Ne**( D3, ~J,M)s) with respect to
the initial relative velocity ~, thus one obtains experimen-
tal cross sections Q' (E) which are interdepen-
dent. " ' ' ' ' To remove this interdependence we
have determined the average cross sections

'g''=-, '('g'+2'g') for M =0, 1,
Q ' =

—,'( Q +'Q ) for ~M~=2, 3,
(54)

which can be obtained with great accuracy. ' ' The
observed polarization effect

~(E}='g "(E)i'Q "(E) (55)

shows a strong energy dependence. In the thermal ener-
gy range (50 meV ~ E ~ 1SO meV) the polarization effect
is pronounced (%= 1.6) while in the superthermal range
(1000 meVSE ~5000 meV) the effect nearly vanishes
(% =1).

In Table VIII the semiclassical results are presented for
both the average ionization cross section Q (E}as well as
the polarization effect A(E). We conclude that the ener-
gy dependence of the absolute cross-section value is best
reproduced in the two-electron approximation. Both the
one-electron approximation and the two-electron approx-
imation reproduce the energy dependence of the polariza-
tion effect very well. The fine-structure branching ratio
of the ionization cross section has been determined in the
two-electron approximation as well. The results are in
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good agreement with the experimental value at E =110
meV of Bussert et al. ,

' ' as shown in Table VIII.

&(E)='Q '(E)/'Q'(E) . (56)

At E =100 meV we have %= 1.3, which decreases with
increasing energy to R =0.8 at E =2500 meV.

In Table IX the semiclassical results for the
Ne*( Po, Pz )-Ar system are presented. The energy
dependence of the ionization cross section Q(J=O) is
reproduced fairly well in the two-electron approximation
while the simple one-electron model of Driessen et al. '

gives much too small absolute values at high collision en-

C. Cross-section results for Ne ( Po, P&)-Ar

For the Ne*( Pc, Pz)-Ar system state-selected ioniza-
tion cross sections have been measured, '" ' ' resulting
in a ratio Q (J =0) /Q (J =2) with a strong energy depen-
dence Q(J =0)/Q(J =2)=1.3 at E =100 meV increas-
ing to Q(J=O)/Q(J=2)=1. 8 at E =2500 meV. The
polarization effect Q ~ ~(E) for the Ne'(

~
J =2,M )s)-Ar

system has been determined by Bregel et ah. ' and by
Driessen et al. The experimental results show a strong
energy dependence of the polarization effect

ergies. The experimental ratio Q(J =0)/Q(J =2) shows
a strong increase with increasing collision energy while
the calculated ratio indicates the opposite behavior.
Moreover, the calculated ratios are too small.

Furthermore, we observe that the calculated polariza-
tion effect %(E) is not as pronounced as the experimental
results, but the energy dependence shows the same trend.
In the two-electron approximation we have calculated the
fine-structure branching ratio B as well, which can be
compared to experimental data of Bussert et al. ,

' *'

measured at a collision energy of E =60 meV. The
agreement is good for Ne*( P2)-Ar. For Ne*( Po)-Ar,
however, the calculated fine-structure branching ratio is
larger than the experimental results. This is due to the
much stronger sensitivity of B to the difference of the
calculated ratio of the two-center two-electron integrals
c/~ with Morgner's value derived from the experimen-
tal results for the final-state fine-structure branching ra-
tio, as discussed in detail in Sec. III C.

VI. CONCLUDING REMARKS

Collision experiments with polarized laser-excited
atoms have received an extensive amount of attention.

TABLE VIII. Semiclassical results for the average ionization cross section 'Q(E) and the polariza-
tion effect 'Q '/'Q ' as a function of the collision energy F. in comparison with the experimental re-

sults using the two-electron approximation I J. J„(R) [Eq. (28)] as input. The number in parentheses is

the error in the last digit given. For comparison we also give the results of Driessen et al. (Ref. 21), ob-

tained with a one-electron approximation autoionization width.

'Q (&) (A')
E

(eV)

0.075
0.125
0.200
0.500
1.000
2.500

Expt.
(a)

24.5
23.2
21.5

20.2
16.3

(a)

32.3
28.3
23.4
19.7
16.1
12.5

Semiclassical
This work

25.8
23.6
22. 1

20.6
19.4
17.4

(eV) (a)
Expt.

(b)

W(&) ='Q"(E}/'Q "(&l
Semiclassical

(a) This work

'Q(3/2) /'Q ( I/2)
Expt. Semiclassical

(c) This work

0.075
0.110
0.125
0.200
0.500
1.000
2.500

1.59(6)

1.77{7)
1.52{5)

1.15(4)
1.00(3)

1.66( 8)

1.70(6)
1.62(3)

1.05( 11)
0.96( 11)

1.62

1.63
1.62
1.44
1.21
0.97

1.69

1.74
1.76
1.57
1.28
0.91

& 1.60(3)
1.59

1.51
1.47
1.31
1.38
1.44

'Driessen et al. , Ref. 21.
"Driessen et al. , Ref. 48.
'Bussert et al. , Refs. 12 and 13.
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TABLE IX. Semiclassical results for the average ionization cross section Q(E) and Q(E) and the polarization e8'ect 'Q '/ Q'
as a function of the collision energy E in comparison with the experimental results using the two-electron approximation I J»(8)
[Eq. (28)] as input. The number in parentheses is the error in the last digit given. For comparison we also give the results of Driessen

et al. (Ref. 21), obtained with a one-electron approximation for the autoionization width.

E
(eV)

Expt.
(a) (b)

'Q(E)(A')
Semiclassical

This work
Expt.

(a)

OQ /ZQ

(b)

Semiclassical
This work

0.075
0.125
0.200
1.000
2.500

21.6
26.9
30.8
33.4
29.0

21.1
22.5
22.4
17.4
13.4

23.1

27.6
29.6
30.7
29.3

1.27
1.34
1.41
1.66
1.76

1.11
1.13
1.12
1.08
1.04

1.15
1.12
1.09
1.06
1.05

~ —2Q0, 1/2Q2
Fine-structure branching ratio

Q(3/2)/'Q( l/2)

(eV)

0.060
0.075
0.125
0.200
1.000
2.500

Expt.
(c)

1.43(5)
1.30(3)
1.42(6)
1.05(6)
0.82(7)

(b)

1.18
1.07
0.97
0.88
0.86

Semiclassical
This work

1.10
0.93
0.88
0.88
0.89

Expt.
(d)

3.94(14)

Ne ( Po)
Semiclassical

This work

8.9
10.5
11.9
16.9
20.3

Expt.
(d)

1.51(7)

Ne ( Pz)
Semiclassical

This work

1.42
1.60
1.70
1.76
1.72

'Verheijen and Beijerinck, Ref. 16.
Driessen et al. , Ref. 21.

'Driessen et a/. , Ref. 48.
Hotop, Lorentzen, and Zastrow, Ref. 7.

Large polarization effects in the ionization cross section
for the Ne" (3P)—rare-gas systems are observed. The in-
terpretation of this polarization effect in terms of suitable
0-dependent optical potentials is the original motivation
for performing an ab initio calculation of the autoioniza-
tion widths I Jn(R) for the Ne'"'-Ar systems. Following
Bieniek and Jones and Dahler we investigated the
theory of the process of ionization within the framework
of the Feshbach projection-operator formalism, with the
discrete fine-structure states (before ionization) and the
continuum states (after ionization) as spanning the two
separate subspaces of Hilbert space. The autoionization
widths are expressed in terms of coupling matrix ele-
ments, which are in general two-center n-electron in-
tegrals. %'e assume that only two electrons play an active
role in this process and that all other electrons are
"frozen. " For the initial state these electrons are the
Ar(3p) core electron and the Ne*~*'(3s/3p) valence elec-
tron; in the final state the free electron is described by a
Coulomb wave function with respect to Ar+ while the
bound electron is associated with a Ne(2p) core orbital.
Most important for Ne*-Ar is the exchange mechanism,
where simultaneously the Ar(3p) electron jumps to the

Ne" (2P) ' hole and the Ne*(3s) valence electron be-
comes a free electron. The radiative mechanism does not
contribute in pure triplet states, due to spin-selection
rules.

With the obtained 0-dependent autoionization widths
we have calculated polarized-atom cross sections Q~

using a semiclassical model. For the Ne**(3D3)-Ar sys-
tem we observe a good agreement with the experimental
data, if the effect of "locking" of the total angular
momentum J to the internuclear axis is taken into ac-
count.

For the Ne*( Pc, Pz)-Ar system, the agreement is less
satisfying. Especially, the large cross-section ratio
Q( Po)/Q('P2) is not explained by our autoionization
widths. It is clear that there is no simple answer to this
problem. The semiclassical treatment of the collision dy-
namics for the Ne*( Pc 2)-Ar system is fully justified, as
supported by the good agreement between experiment
and theory for the Ne*"( D3)-Ar system with its much
larger 0 splitting of the potential. Concerning the calcu-
lation of the autoionization widths, the "local approxima-
tion" should be quite correct for the thermal energy
range when looking at the criteria given by Morgner. "
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For the superthermal energy range the local approxima-
tion is no longer justified, with E;,„,„/E=0.4 (or 0.7
when the Rydberg states of Ar+ are included ), which
should be compared to the criterion F.;,„,„/E ~2 of
Morgner. The parameter E;,„,„ is the maximum ki-
netic energy of the ion in the final state. The last possibil-
ity is the replacement of the molecular Ne*-Ar states by
their atomic equivalent. Because the coupling matrix ele-
ments are combined coherently, an analysis with the
molecular Ne -Ar states may result in slightly different
autoionization widths which can explain the cross-section
ratio Q ( Po ) /Q ( P2 ). In view of the observation by
Bussert' that at R =5.5ao the adiabatic eigenstates for
Ne*"-Ar are still for 97% atomic states, we do not ex-
pect a very large inhuence. Especially at thermal energy,
where internuclear distances R )6ao are probed, the
effect on the ionization cross section will be rather small.
This leaves us at a loss for a final explanation of the ratio
Q ( Po )/Q ( P2) in the thermal energy range.
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APPENDIX:
AUTOIONIZATION WIDTH I J gg(R)

XH,)tI)n;(rlR) . (A 1)

We want to obtain an expression for I J Jn(R) which
resolves both the initial magnetic substate
Ne*' '(

l J,M & it ) and the final fine-structure state
Ar+(J'). In order to derive this expression we make the
assumption that the molecular Ne*'*'-Ar states are given
by (antisymmetrized) products of the atomic Ne*~*~ and
Ar states.

The complicated bookkeeping due to the antisym-
metrized nature of the initial and final states is dealt with
automatically by using second quantization, i.e., by writ-
ing both of these states as linear combinations of prod-
ucts of creation operators for each of the total number of
28 electrons. The matrix element is even more con-
veniently calculated, however, by applying the second-
quantization formalism in its particle-hole version. We
thus have

The autoionization width I;(R) of Eq. (15) contains
the two-center n-electron integrals V(R;Qfq, i) of Eq.
(12),

V(R 'Mq i)=~/of IH.)lyn;&

drn qgp &
R g f rn —1R

V(R; Qfq, i) = V'"'"(R;f=J'A&Apm, q, i=JQ)

=g g (L M~ S Msl J 0) g g (
—1) "(1—mi, I„mi, lL Ml )

ML Ms m( mI

Xg g ( —1) "(—,
' —m, , —,'m, , SMs)

S, C S, V

X g g ( —1) '""(—1) '"'(1 —mi« —,
' —m, «lJ'Ql)

l, Ar S, Ar

X (Apm, ;2p mr, m, , lH, &ll, ml, m, '3p ml, w m

(A2)

As stated already in Sec. III 8, the quantum numbers (mi, m, , ) and (mI ~,m, ~, ) refer to the electronic states Ne(2p)
and «(3p), respectively, which are involved in the ionization process [see Eq. (23)). The core states Ne(2p)
Ar(3p) ' are therefore described by the inverse m quantum numbers. The phase factors ( —1)' result from inserting
Eq. (26) into Eq. (25). According to Eq. (18) the matrix element in Eq. (A2) can be written as

v m, 2p mi, , m. ..lH.~I~, mi, m, „',3p mi&, m, «&=[ V'"'"(R;q~pm„m~, mi«)( —,
' m, l —,

' m, „&(—,
' m, l —,

' m, «&
—V" (R;q&pmi, mi, ml„, )( —,

' m, l —,
' m, «&( —,

' m, , l ,' m, „&] . —

(A3)

The radiative part thus contains a term ( —,
' m, , l —,

' m, , &, which results in a Kronecker delta 5 . The summation
S, C S, V

over m, , and rn, , reduces to

y ( —,
' m, , —,

' m, , ~S Ms) =bs, on~, ,
o+—2 (A4)

S, C

Clearly, the radiative mechanism contributes only if the initial Ne"*' state is in a singlet state. This is easily under-
stood: in a sense the decay of the Ne*'*' state is an electric dipole decay involving a virtual photon which ionizes the
Ar atom. In an electron dipole transition, however, no spin Aip occurs.
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Because the Ne'*' states vie are interested in are pure triplet states, only the exchange mechanism contributes to the
autoionization widths. Therefore we can rewrite the transition matrix element of Eq. (A2), using the Kronecker deltas

and 5 in the matrix element V'"'"(R;f=J' QI &(p m, q, i =JQ ):
s s&U s&c s, Ar

V'"'"(R;f=J'QIkpm, q, i=JQ)=g g (L ML S Msl J Q) g g ( —1) "(1—m&, l, mi„lLMI )

MI MS mI m(„

X g g (
—1) "(—,

' —m, , —,
' m, , lSMs)

s, c s, U

1 Ar sAr

2

X f dr, dr&it&~i„(r, )gz~' (r2)
4~eO~ r, —r2

X i)&3 /3 (ri )l/J3 (IQ) (A5)

The final expression we obtain for the autoionization width 1 J Jn(R) according to Eq. (15) is given by

2&tBe
I I, Jn(R) = - g g g l

V'"'"(R;f =J'QIA pm, q, i =JQ)l
A'q R

(A6)

*Present address: Joint Institute for Laboratory Astrophysics,
Boulder, CO 80309-0440.
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