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Theoretical investigation of the autoionization process in molecular
collision complexes: He * „2 3S…¿Li „2 2S…\He¿Li¿¿eÀ

M. Movre,a) L. Thiel,b) and W. Meyerc)

Fachbereich Chemie, Universita¨t Kaiserslautern, D-67663 Kaiserslautern, Federal Republic of Germany

~Received 28 March 2000; accepted 27 April 2000!

A complete ab initio treatment is applied to the autoionization process in the He* (2s 3S)
1Li(2s 2S) collisional complex. Feshbach projection based on orbital occupancy, implemented in
a multireference configuration interaction~MRCI! code, defines the resonance state and provides the
entrance channel potential curve as well as all pertinent information on the resonance–continuum
coupling. Thel-dependent coupling elements in local approximation are obtained by projecting a
compact one-electron function, named Penning molecular orbital~PMO!, onto the wave function of
the ejected electron with proper energy. The continuum wave function is obtained by coupled
channel calculations in the static-exchange approximation. A converged set of seven complex
coupling matrix elements, used in the nuclear dynamics calculation based on a complex Numerov
algorithm, fully describes the electron angular momentum transfer. The calculated angle-dependent
spectra, as well as the total, angle-, and energy-integrated ionization cross sections agree well with
available experimental data. ©2000 American Institute of Physics.@S0021-9606~00!30828-5#
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I. INTRODUCTION

The first completeab initio treatment of Penning~PI!
and associative~AI ! ionization processes in the He* (2s 3S)
1H(1s) collisional complex1 clearly demonstrated not onl
the adequacy of the local complex potential approach for
benchmark system, but in particular the importance of e
tron angular momentum transfer so far neglected in theo
ical treatments. We have also argued that the procedures
sented provide an adequate treatment for a large clas
autoionizing molecular collisional complexes, characteriz
by core-excited~Feshbach! resonance states as they, e.
evolve from metastable states of excited rare gas atoms

The validity range of the local approximation for th
treatment of the Penning process~as developed and pre
sented by Nakamura,2 Miller,3 and Bieniek4! has been dis-
cussed by Lam and George5 and Morgner.6 The metastable
states of rare gas atoms have large excitation energies, w
exceed the ionization energy of most atoms~and molecules!.
During collision, ionization can occur with high probabilit
and electrons are ejected at relatively large energies.
property allows the application of the Born–Oppenheim
approximation for thermal collision energies. Furthermo
because the electronic continuum is unstructured~weak de-
pendence of the coupling on electron energy! and the al-
lowed exit channel nuclear states are complete with res
to the entrance channel wave functions, the ionization can
viewed as a vertical~Franck–Condon! transition. Thus, the
entrance channel nuclear motion is governed by a local c
plex potential. However, even in the local approximatio
only few quantitative applications have so far appeared in
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literature, all of them being restricted to some of the aspe
of the complete theory.~For a comprehensive review of ex
perimental and theoretical research in the field of Penn
and associative ionization, see the article by Siska.7! The
main reason was usually the lack of information on ele
tronic coupling matrix elements between the resonance s
and specific final states corresponding to outgoing electr
with angular momentum quantum numbersl andm. The con-
sequences of the common approximate treatment, whic
restricted tol 50 and assumes a real coupling matrix elem
proportional to the square root of the ionization width, ha
been discussed in Ref. 1.

In Ref. 1 we also gave a detailed description of theab
initio computational procedures applied: implementation
Feshbach projection in a multireference configuration int
action ~MRCI! code, which defines the resonance state a
provides the entrance channel potential curve as well as
pertinent information on the resonance–continuum coupli
This is first compressed into a compact one-electron fu
tion, which we named the Penning molecular orbital~PMO!
and which represents the source of continuum electrons.
PMO is then expressed in form of a numerical partial wa
expansion and is projected onto the wave function of
ejected electron with proper energy, as obtained by coup
channel calculations in the static-exchange approximatio

We have thoroughly discussed the inherent flexibility
the definition of the Feshbach projection, and subseque
we have proposed two definitions of complementary proj
tion operatorsP and Q, both of them in terms of electron
configurations. The one named ‘‘resonance procedure’
based on orbitals optimized for core-excited structures an
most convenient for accurate resonance potentials, and
other, named ‘‘target procedure,’’ is based on optimal tar
orbitals ~we use ‘‘target’’ in the sense of electron scatteri
in the exit channel system, here HeLi1! and is adapted to the

00
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1485J. Chem. Phys., Vol. 113, No. 4, 22 July 2000 Autoionization of He* 1Li
simplest possible description of the exit channel electro
states. This difference is not a trivial one, due to signific
relaxation effects in the noble gas cores which accomp
the creation of a hole. For example, the 1s orbital of He
contracts upon excitation according to the change of the
bital exponent from 1.7 to 2.0, yielding a relaxation ener
of about 1 eV. Consequently, the resulting PMOs are
necessarily the same in the two procedures. However, a
being projected onto the energy shell both of them yi
basically the same coupling matrix elements.@We have
shown that for atomic (1s2s2) 2S resonances of Li and He2,
both procedures lead to equivalent results—for further
tails see Ref. 1.# In the He* (3S)1H case, we have also ana
lyzed the dependence of the width function on the elect
energy for several fixed internuclear separations. It tur
out that the shape of the width function does depend on
definition of theP andQ operators but the value of the widt
function for electron energies close to the resonance en
stays rather stable.

With the derivation of complexl-dependent coupling
matrix elements we have the complete electronic struc
input for the subsequent treatment of nuclear motion and
calculation of angle-dependent electron energy distributio
These coupling matrix elements are directly linked to
internal angular distribution of the electrons, and the int
play of their phases with those acquired in the heavy part
motion determines the dependence of the electron spectr
the detection angle.

In this article we present the results of theoretical inv
tigations of the attractive Penning system He* (2s 3S)1Li,
one of the few simple systems for which well-resolved el
tron energy spectra have been measured, also including
formation on their angular dependence.8,9 Our previous
efforts9,10 for a theoretical analysis and a reliable calculati
of autoionization electron spectra for this system were
rected towards an accurate adiabatic potential of the r
nance state. The total width function was obtained by Sti
jes imaging11,12 with an estimated accuracy of 10%. The
data were used for the calculation of the nuclear dynamic
the commonly used approximation~see Ref. 1 for discus
sion! which neglects angular momentum transfer and p
vides electron energy spectra in best agreement with m
surements based on electron detection perpendicular to
collision plane. In order to illustrate the anticipated effects
angular momentum transfer, we also calculated approxim
spectra simply assuming pureDJ564 transitions. We are
not aware of any other previous calculations for the He*1Li
system.

II. BASICS OF THEORY

Two complementary projection operatorsP and Q51
2P partition the electronic Hilbert space into two subspac
one containing the relevant ‘‘background’’ continuum sta
and the other containing the ‘‘bound,’’ resonance, or a
toionizing state~s!. The continuum states describe asympto
cally the ground state of the ionized molecular complex a
a free electron ejected with energy« in the space-fixed di-
rection v̂r («W 5«v̂). The corresponding electronic wav
function behaves asymptotically as the product of the gro
ic
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state wave function of the ionized complex and a free el
tron wave function,f«W→F1w«W , while the resonance stat
is described by an electronic functionf* . The entrance
channel ~resonance! potential V* (R), the exit channel
potential V1(R), and the PMO wP are defined
as V* 5^f* uHeluf* &, V15^F1uHeluF1&, and wP

5^F1uHeluf* &, respectively, whereHel is the electronic
Hamiltonian. The continuum electronic wave function is fu
ther assumed in the form

f«W5ÂF1w«W5ÂF1(
lm

i lYlm* ~v̂ R̂!w« lm~rW R̂!, ~1!

where Â antisymmetrizes the product ofF1 with the con-
tinuum electron wave function. Note that the partial wav
refer to the molecule-fixed coordinate system, as indica
by the subscriptR̂ on v̂ and rW, in which m50 is a good
quantum number in our case.

The continuum electron moves in an anisotropic pot
tial and its wave function should further be expanded as

w« lm~rW R̂!5(
l 8

Yl 8m~ r̂ R̂! f « l l 8~r !r 21, ~2!

where asymptotically f « l l 8→0 for lÞ l 8. Note that in
Bieniek’s4 and previous treatments the right-hand side of E
~2! was reduced to a single terml 85 l , supposing a pure
Coulomb wave. The phase shift pertinent to the radial fu
tion f « l l comprises not only the Coulomb phase shift in
field of unit positive charge at Li1 but also a contribution
due to the atomic potentials of He and Li1.

The basic quantities required for the calculation of va
ous cross sections are complex partial wave componentsV« l

related to the space-fixed coupling matrix elementsV«W(RW ) by

V«W~RW !5^f«W uHeluf* &5(
l

i 2 lYlm~v̂ R̂!V« l~R!. ~3!

Within our approach they reduce to simple overlap integr
V« l5^w« l uwP&.

The total~electronic and nuclear! wave function is of the
form cE5PcE1QcE , and can be obtained as the solutio
of a pair of coupled equations for the two components~for
more details, see Ref. 1!. The Q-space part~entrance chan-
nel! of the scattering solution with proper outgoing bounda
conditions is, in the case of an isolated resonance, a si
~Born–Oppenheimer! product of the electronic wave func
tion and a nuclear wave function,QucE

out&5uf* &ux*
out&.

Similarly, the solution of the corresponding homogeneo
equation in the exit channel isPucE

0&5uf«W&uxEW 1
&, where

E11«5E, and EW 15E1V1 denotes the energy an
asymptotic direction of the motion of the ionized compl
(He1Li1 for PI, and HeLi1 for AI !. The scattering nuclea
wave functions are usually expanded into partial waves co
posed of the products of angular and radial wave functi
The radial wave function of the exit channelFJ8

1 obeys the
radial Schro¨dinger equation for the potentialV1 , while the
entrance-channel radial wave functionFJ obeys the radial
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1486 J. Chem. Phys., Vol. 113, No. 4, 22 July 2000 Movre, Thiel, and Meyer
Schrödinger equation for the complex potentialV* 1D
2( i /2)G, where the local widthG(R) and the local shift
D(R) are finally given as

G~R!52pE dv̂uV«W~RW !u2u«5«v~R! , ~4!

D~R!5PE d«W 8
uV«W 8~RW !u2

«v~R!2«8
, ~5!

where «v5«(Rv)5V* (Rv)2V1(Rv) ~vertical Franck–
Condon transition!.

The double differential cross section which describes
energy and angle distribution of the ejected electron is gi
by

d2s

d« dv̂
5g*

4p3

ki
2 (

J8M
U(

Jl
S J8 l J

2M M 0D
3YlM ~v̂ !CJ8 lJ^FJ8

1 uVl uFJ&U2

, ~6!

where

CJ8 lJ5 i J2J82 l~2J811!1/2~2J11!S J8 l J

0 0 0D . ~7!

III. DETAILS OF CALCULATIONS

The exit channel electronic state of HeLi1 is a singlet
state, so that only doublet2S1 states of He*Li are autoion-
izing. The core electrons of Li can be treated as essent
unaffected in the course of the PI process since core ex
tions are not accessible energetically.~The same is true for
Na, while in the case of K and Rb core excitation energ
are comparable to the excitation energy for He* , so that com-
plications arise from core-excited alkali states.13! Treating
Li1 as a polarizable core, we have performed all-elect
self-consistent field~SCF!/valence configuration interactio
~CI! calculations, using the technique of multireference s
consistent electron pairs~MRSCEP!14,15 and we included
core polarization effects by an effective local potential.16

The electronic structure of the resonance state correl
to the He* (2s 3S)1Li(2s 2S) asymptote undergoes signifi
cant changes as the interatomic distance varies. At short
tances it is well-described by the single configurati
(core)1s(2s)2. The orbital 2s is dominantly a covalen
combination of the He 2s and the Li 2s atomic orbitals.~In
the case of He*H, it represents a dominantly H2 1s atomic
orbital, see Ref. 1.! At intermediate distances, the configur
tions 1s(3s)2 and 1s~2s3s! with an antibonding delocal
ized 3s orbital gain significant weight. The asymptotic sta
is described by these three configurations with relat
weights 3:3:2, respectively. Due to the large polarizability
He* at intermediate ranges there are also significant adm
tures by the He 2ps orbital, in particular for the state corre
lating to He* (2s 1S)1Li(2 2S). Therefore, we started ou
calculations by using multiconfiguration SCF~MCSCF!
wave functions optimized in the space of the 142S1 con-
figurations which are possible from the six ‘‘active’’ orbita
1s – 4s,1px,1py under the condition that 1s is at least
e
n
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a-

s

n
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is-

e
f
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singly-occupied. The 1s orbital has been taken from a pre
ceding SCF calculation for the cation LiHe1 and kept frozen
~target procedure!. This ansatz provides an adequate desc
tion of the four asymptotes correlating to He* 1,3S and1,3P,
respectively.

The partitioning of the electronic Hilbert space into tw
complementary subspaces was achieved by defining pro
tion operatorsQ andP512Q in the following manner~for
further details, see Ref. 1!: The Q space for the final CI was
generated by all single and double substitutions from the
reference configurations, excluding the configurations of
type (core)(1s)2ns with n.4. Forn<4, the latter configu-
rations correlate to the few lowest excited~Rydberg! states
He1Li* and do not belong to the exit channel. As in th
He*1H case,1 they do not contribute much to the resonan
states either.

The Gaussian basis set used in our calculation is c
posed as follows. For He we used the 10s set of Ref.
17 augmented with 3s ~exponents 0.04, 0.016, 0.0064!,
a 5p set ~3.0, 0.9, 0.3, 0.08, 0.025!, and 1d set ~0.08!. For
Li we used the 9s set of Ref. 18 with the two mos
diffuse functions replaced by 3s ~0.13, 0.055, 0.022!, 6p
~2.0, 0.63, 0.24, 0.1, 0.04, 0.016!, and 1d ~0.12!. The steep-
est functions—5s for He and 4s for Li—have been con-
tracted according to their coefficients in an uncontracted
culation. In order to get a faster convergence for t
correlation in the valence shell, which shows a rather stro
electron accumulation around the bond center, we have
cluded some additional functions at the bond center~for fur-
ther details, see Refs. 19 and 20!.

IV. RESULTS

A. Potential curves

The four calculated potentials~three2S1 and one2P!
are shown in Fig. 1~numerical data are available upon r
quest!. The accuracy of our calculations may be judged fro

FIG. 1. Calculated potential energy curves of three lower2S1 states~solid
lines! and one2P state~dashed line! corresponding to the asymptotic state
He* (3S, 1S, 3P)1Li.
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1487J. Chem. Phys., Vol. 113, No. 4, 22 July 2000 Autoionization of He* 1Li
previous Li2 calculations19,20by the same method and a sim
lar basis set, in which case the experimental well depth
De51.056 eV has been reproduced to within 6 meV. Th
we roughly estimate that our calculated values are correc
within 10 meV. For the2S1 He* (2s 3S)1Li potential, we
have calculated a well depth ofDe5867 meV and an equi
librium distance ofRe55.54a0 . This may be compared with
the empirical values ofDe5868(20) meV andRe55.4(3)
a0 , respectively, extracted from observed electron ene
spectra.8 For the 2S1 He* (2s 1S)1Li potential the calcu-
lated values areDe5315 meV andRe57.06 a0 while the
corresponding empirical values areDe5330(17) meV and
Re56.9(8)a0 , respectively.8 Thus, our calculated value
match the experimental ones within their quoted errors.
note that in a second experimental study of He* and Li col-
lisions using the merged-beams technique a well depth
730~70! meV has been derived from analysis of the kine
energy distribution of the product ion.21 The difference can
probably be traced to the fact that in this case the t
entrance channels from asymptotic He* (2s 3S) and
He* (2s 1S) atoms could not be distinguished.

It has often been noted that in many respects metast
noble gas atoms behave like alkali atoms, in particu
He* (2s 3S) has been called lithiumlike.8 Actually, compar-
ing some atomic properties of Li, Na, K, and He* (3S), for
example ionization energies, first resonance transition e
gies, or atomic polarizabilities, as well as well depths a
equilibrium distances for the corresponding diatomic pa
one can conclude that in almost all respects He* (3S) comes
closer to Na. Of course, an obvious difference betwe
He* (2s 3S) and the alkalis is the presence of the open-sh
core, and the exchange interaction with the 2s electron is in
the same order-of-magnitude as the chemical interactio
the valence shell. Thus it is only accidental that t
He* (3S)Li potential is virtually identical to the NaLi ground
state potential.19

B. Coupling elements

For systems such as He*1Li, Na, electrons of energie
around 13 eV~that is, with de Broglie wavelengths of abo
6 a0! are ejected mainly from a region close to the Hes
core and then move in a Coulomb field that is cente
4 – 10a0 away, thus requiring the coupling of many electr
angular momenta in the expansion of the wave functionsw« l

of the ejected electron, Eq.~2!. They are derived in numeri
cal form in the static-exchange approximation withw« l cho-
sen orthogonal to all orbitals occupied in the ground st
wave function of the ionized complex~for more details, see
Ref. 1!. With He as the expansion center, on average
coupled angular momental 8 @see Eq.~2!# were required to
obtain well-converged results for the complex coupling m
trix elementsV« l5^w« l uwP&. The finall-dependent coupling
matrix elements, referring to the center of mass as origin,
shown in Fig. 2 forl 50 – 5 and a set of internuclear separ
tions starting atR53.5a0 . Note that the most efficient re
gion for ionization in thermal collisions involves the poin
2–6 corresponding to internuclear distancesR from 4 to
6 a0 . Except for a peculiar behavior of thel 50 curve for
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very smallR, the main pattern of characteristic spiral curv
are similar to the ones obtained for the He* (3S)1H case.
The strong decrease of the norms with increasing inter
clear distances is basically exponential and is the expe
consequence of the exchange mechanism for ionization.
corresponding phase changes are partly due to the chang
the electron resonance energy withR. The total widthG,
together with the partial widthsG l52puV l u2 ( l 50 – 5), is
shown in Fig. 3. At shorter distances up to about 3.8a0 the
l 52 component is the dominant one with significant con
butions from thel 51 and 3 components. The latter tak
over for intermediate distances while thel 54 component
becomes dominant forR.6 a0 .

FIG. 2. Complex coupling elementsVl(R) ~in a.u.!. The internuclear dis-
tances are indicated by dots, starting withR53.5a0 at the point labeled by
l, and continuing in steps of 0.5a0(3.5a0– 6.0a0) and 1a0(6 a0– 12a0).
The most efficient region for ionization in thermal collisions involves t
points 2–6.

FIG. 3. Partial width functionsG l52puVl(R)u2 for l 50 – 5, referring to the
center-of-mass as origin, and the total width functionG5( lG l . Inset: par-
tial width functionsG l referring to He as the expansion center.
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The l-distribution of the coupling matrix elements su
gests a significant angular momentum exchange, domin
by uDJu53 and 4 for distances 4a0,R,6 a0 . Due to the
fact that the entrance channel turning point is rather la
(;4 a0) and the center-of-mass is close to Li1, a simple
classical estimate based on recoil arguments led Merzet al.9

to the conclusion thatuDJu values up tol max54 are possible.

C. Internal angular distribution

The classical description of the angular distribution
ejected electrons is often based on the analysis in term
the intrinsically unmeasurable internal angular distributio7

For a specific internuclear separationR, it is given by

Pint~u,R!5uV«v
W ~RW !u25U(

l
i 2 lVl~R!Ylm~u,0!U2

, ~8!

whereu represents the body-fixed electron scattering an
Figure 4 shows theab initio internal angular distribution for
several internuclear separationsR. The general pattern of an
isotropy and asymmetry remains the same for allR. Even
though the overall internal angular distribution requires in
gration overR, collision energiesErel, and impact parameter
b, it should not be significantly different from the shap
given in Fig. 4. There is a pronounced asymmetry
forward–backward direction and a small but sharp maxim
near the perpendicular direction.

By expanding the absolute square one can transform
~8! into a form that is more convenient for the analysis
angular dependence:

Pint~u,R!5(
Lll 8

aL~ l ,l 8!PL~cosu!S l 8 l L

0 0 0D . ~9!

The parity of the Legendre polynomials is (21)L and it
is clear that only oddL terms contribute to the forward–
backward asymmetry. The 3-j symbol is unequal to zero
only if l 1 l 81L5even, and it follows that forL to be odd,
there must be both even and oddl terms in expansion~3!.
Although thel-expansion of the coupling matrix element
the center-of-mass frame is quite different from the cor
sponding expansion centered at the He atom~see Fig. 3!, the
resulting internal angular distribution remains unchang
For example, a single-terml 50 expansion in the latter cas

FIG. 4. Internal angular distributionPint(u,R) of the electrons ejected from
the collision complex He* (2 3S)1Li. The parameterR is varied fromR
53 a0 ~outer curve! to R56 a0 ~inner curve! in steps ofDR51 a0 . The
intensity scale of the polar plot is proportional to the autoionization wi
G(R)/2p (a.u.).
ed

e

f
of

e.

-

q.
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.

would produce an isotropic internal angular distribution
would the expansion with respect to a shifted center; even
the latter one produces all possiblel. The observed asymme
try is a consequence of the intrinsic underlying asymmetry
the electronic structure of the wave function describing
ejected electron. To illustrate this point further we show
Fig. 5 the wave function of the ejected electron forR
54.5a0 . With a bit of imagination, using the contour line
and gradients~orthogonal to the contour lines! as a guide,
one can judge how the~asymptotic! internal angular distri-
bution evolves. One can identify forward–backward asy
metry, as well as lateral maxima, and even visualize the
cusing effect of the Coulomb center at Li for the electro
which are ejected mainly from the vicinity of the He 1s hole.
To this end we have added a few~gray! arrows which indi-
cate the main electron flux.

D. The energy dependence of the electron spectra

The general structure of the electron spectra is ea
related to the characteristic properties of the attractive P
ning system, and the gross structure of the Penning part
be well explained by a semiclassical treatment.3,4,22 The
spectrum stretches over more than 1 eV and comprises
tributions from nuclear angular momentaJ ranging up to
about 80 for a typical thermal collision energy of 100 me
The variation of the spectral shape with collision energyErel

is mainly due to the change of the range of contributi
angular momentaJ. Once the sum overJ is made, the inter-
ference patterns pronounced in individualJ contributions to
the spectrum are progressively washed out with increas
collision energyErel . The PI part of the spectrum~«,«0 ,
where the ‘‘nominal’’ energy«0 is the energy at which an
electron would be emitted in the separated atom limit! exhib-
its the familiar Airy pattern with a supernumerary rainbo
structure connected with the minimum in the difference p
tentialV* 2V1 . The main Airy peak is built up mainly from
high-J contributions. The weak AI part of the spectrum («
>«0) is mainly linked to low-J values and the turning poin
region of the entrance potential. The shape of the AI sp
trum is rather insensitive to the shape of the width functio

FIG. 5. Wave function of the ejected electron forR54.5a0 . The gray
arrows indicate the electron flux.
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We have calculated the energy-dependent total ion
tion as well as the associative ionization cross section,
the cross section for long-lived resonance states. ForErel

,300 meV the energy dependence of the calculated t
ionization cross section is well-described bys(E)
5CE20.325, whereC516.04 if cross sections are in Å2 and
energies in eV. This is in agreement with the expectation
for attractive systems the total cross section should be
portional to the orbiting, or close-collision cross sectio
which for the van der Waals long-range potential follows
E21/3 dependence. Wanget al.21 reported aE20.34 depen-
dence. Within the stated uncertainty of630%, their absolute
cross sections are also compatible with our calculations.
calculated AI cross sections are less than 1.5% of the co
sponding total cross sections and the contribution of
long-lived resonances to the total cross section is negligi
again in accordance to findings of Wanget al.21

E. The angle dependence of the electron spectra

For use in the dynamics calculations@Eq. ~6!#, the ab
initio calculated coupling matrix elements need to refer t
partial-wave expansion with respect to the center-of-mas
origin. In connection with the emission of nonspherical p
tial electronic waves,l .0, all transitions of the molecula
rotation with uDJu< l are possible. For the most efficient in
ternuclear distances around 4.5a0 the leading partial width
contribution is l 53, followed by significant contributions
from l 52,4, and small terms froml 50,1 ~see Fig. 3!. As
stated, there is a sizable angular momentum transfer to
emitted electron withuDJu up to 4.

Spectral features that are specifically related to the e
tron emission angle are best demonstrated on the bas
spectra for single collision energies. Theoretical ang
dependent electron spectra for a single collision energy
Erel5100 meV are shown in Fig. 6. The spectra are sho
with an electron energy resolution of 10 meV. At that lev
the rotational structure is smeared out, but there is a lo
interference structure left. There is a significant difference
the structure and modulation in the Penning part as well a
the associative part of the spectrum. The modulation is m
pronounced in forward and backward direction than at 9
The main Airy peak is shifted towards lower energies wh
going from 0° ~forward! to 180° ~backward! direction.
Changes in the modulation of the main peak, as well as sh
of the secondary Airy peaks, are also clearly visible. So
the description of the angular dependence of the elec
spectra parallels the one for the He* H case.1 But there is also
a difference in the two cases caused by the different com
sition of the partial width expansion. This difference is mo
clearly visible in the internal angular distribution. While
the He* H case, the internal angular distribution exhib
similar maxima in the backward and forward direction, th
is not the case for the He* Li collisional system. This differ-
ence, as stressed by the fact thatl 52 dominates the partial
wave expansion for He* H, while l 53 is the leading term in
the case of He* Li, could be traced back to the difference
the electronic structure of the resonance states, respecti
@At the most relevant interatomic distances, the lowest re
nance state for both systems is well-described by the si
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configuration 1s(2s)2, but the orbital 2s is dominated by
the H21s component in the case of He* H, while in the case
of He* Li it is dominantly a covalent combination of the H
2s and the Li 2s atomic orbitals.#

A substantial angular dependence of the electron ene
spectra for He* Li was reported by Merzet al.9,10 Although
the observed spectra were heavily averaged over the rang
angles~up to625° for u590°!, the following changes in the
electron spectra were reported:~i! energy shifts of the Airy
interference structure to higher electron energy with decre
ing emission angleu, ~ii ! difference in the clarity, with which
the structure is observed, for varyingu, ~iii ! a relative in-
crease in the intensity of the plateau, observed towa
higher energies, with decreasing angleu.

We did not try to reproduce the experimental results
Merz et al.9,10 by a direct simulation of the experimenta
conditions because of lack of precise knowledge of the
locity distributions of the two atomic beams. It should b
noted that these experiments were the first to establish
angular dependence in the electron spectra for an attrac
Penning system for which usually isotropy has been
sumed. Prior to the development of a new apparatus, as
in the later He* H experiments,23 the apparatus had to b
opened between measurements at different detection an
and uncontrollable changes in the experimental conditi
cannot be excluded.24 Instead, we show in Fig. 7 the simu

FIG. 6. Calculated electron energy spectra at different detection anglesu for
a single collision energyErel5100 meV and an electron energy resolution
10 meV. The electron energy is defined relative to the ‘‘nominal’’ energy«0

at which an electron would be emitted in the separated atom limit. One
see substantial angular dependence of the electron spectra for He* (3S)
1Li.
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lation of electron spectra for a model experimental se
with an in-plane variation ofu, corresponding to the follow-
ing typical beam parameters: well collimated metasta
He* (3S) beam with a central velocity ofu51650 m/s and an
effective temperature ofT526 K, and an effusive source o
Li atoms with a Maxwellian velocity distribution corre
sponding to a temperature ofT51100 K. These spectra, co
responding to a mean relative collision energy of 100 m
and an electron energy resolution of 25 meV, indeed rep
duce all features observed in the experiments. In particu
the shifts of the main Airy peak and the first supernumer
peak agree even quantitatively: between the spectra for
and 135°, respectively, the former is shifted by about
meV in both cases while the latter is shifted by 90 meV
the calculated spectrum and 110 meV in the experiment

The measurements of Rufet al.8 where performed at 90°
perpendicular to the plane of the atomic beams with be
conditions close to those given above. As discussed in
1, the 90° perpendicular spectrum is not influenced
forward–backward asymmetry and most closely resembl
spectrum calculated by the approximate treatment gene
used in previous work7 and also in our previous treatments
He* Li. 9,10 While good overall agreement between the ‘‘a
proximate’’ and the experimental spectrum was achiev
the low energy tail of the main Airy peak was not reproduc
quite well. In Fig. 8 we compare the experimental spectr
obtained by Rufet al.8 with our angle-dependent spectrum
calculated for 90° perpendicular to the collision plane and
electron energy resolution of 35 meV. The resolution cho
corresponds to the quoted nominal resolution of the exp
ment and not to the estimated one of 60 meV.8 The calcu-
lated spectrum with a 60 meV resolution~not shown in the
figure! is clearly too broad and we consider the 60 m
estimate as a very conservative one. The agreement in
region of the main Airy peak is now much better. There
still some discrepancy left for energies just below the no
nal energy. This is probably due to the high sensitivity of t

FIG. 7. Calculated electron spectra for an in-plane variation of the detec
angleu. The spectra correspond to a quasithermal collision energy wi
mean value of 100 meV~see text for details! and a resolution of 25 meV.
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part of the spectrum to details of the tails of the interact
potential as well as the width function. Figure 8 also giv
the angle-integrated spectrum which is significantly le
modulated due to the average over angle-dependent pea
sitions.

V. CONCLUSIONS

We have presented new theoretical results for the
toionizing molecular collision complex He* (2s 3S)
1Li(2s 2S). The Feshbach projection method is used to
fine the core-excited resonance state and to obtain the c
sponding entrance channel potential energy curve as we
all the information needed for the resonance–continuum c
pling via the Penning MO. The PMO is then expanded
terms of the solutions of the electron scattering problem
the exit channel, which were obtained by coupled-chan
calculations in the static-exchange approximation. Consid
ing the autoionization process as a vertical transition lead
a local complex potential for the resonance state dynam
and local complex coupling elements to continuum sta
which correlate asymptotically to electrons of particular a
gular momentum. Our calculations for the system He* 1Li
demonstrate a significant angular momentum transfer to
emitted electron, which is dominated byuDJu53 and 4 for
distances belonging to the most efficient region for ioniz
tion in thermal collisions. The coupling matrix elements a
directly linked to the internal angular distribution of the ele
trons, and the interplay of their phases with those acquire
the heavy particle motion determines the dependence of e
tron spectra on the detection angle. We have calcula
angle-dependent electron spectra as well as collision-ene

n
a

FIG. 8. Measured~1! ~Ref. 8! and calculated~solid line! electron spectrum
for detection at 90° perpendicular to the plane of the atomic beams
compared to the calculated angle-integrated spectrum~dashed line!. The
calculation assumes an electron energy resolution of 35 meV. The sp
are normalized to the same integral value.
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dependent total ionization cross sections and compared t
with available experimental results. We found good agr
ment between theory and experiment within the experime
uncertainties. The comparison has shown that a purelyab
initio treatment is capable of calculating reliable electr
spectra.
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