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Theoretical investigation of the autoionization process in molecular
collision complexes: He *(23S)+Li(22S)—He+LiT+e™
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A complete ab initio treatment is applied to the autoionization process in thé (Be3S)
+Li(2s2S) collisional complex. Feshbach projection based on orbital occupancy, implemented in
a multireference configuration interactidRCI) 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 ofBilO), 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. ®000 American Institute of Physid$50021-960600)30828-3

I. INTRODUCTION literature, all of them being restricted to some of the aspects
of the complete theory(For a comprehensive review of ex-
The first completeab initio treatment of PenningPl)  perimental and theoretical research in the field of Penning
and associativ€Al ) ionization processes in the HE2s3S)  and associative ionization, see the article by Sik@he
+H(1s) collisional complex clearly demonstrated not only main reason was usually the lack of information on elec-
the adequacy of the local complex potential approach for thigronic coupling matrix elements between the resonance state
benchmark system, but in particular the importance of elecand specific final states corresponding to outgoing electrons
tron angular momentum transfer so far neglected in theorety;jth angular momentum quantum numbgesdm. The con-
ical treatments. We have also argued that the procedures Pr§equences of the common approximate treatment, which is
sented provide an adequate treatment for a large class @stricted td =0 and assumes a real coupling matrix element

autoionizing molecular collisional complexes, characterizeyrgportional to the square root of the ionization width, have
by core-excited(Feshbach resonance states as they, €.9..peen discussed in Ref. 1.

evolve from metastable states of excited rare gas atoms. In Ref. 1 we also gave a detailed description of #ie

The validity range of the local approximation for the jnitio computational procedures applied: implementation of
treatment of the Penning procegas developed and pre- peshnach projection in a multireference configuration inter-

. 3 . . .
sented by NakamuraMiller,® and B'e”'?ﬁﬁ) has been dis-  4ction (MRCI) code, which defines the resonance state and
cussed by Lam and Georgand Morgner. The metastable 1, o\ides the entrance channel potential curve as well as all

L . e
statesdoihrarg g.astgtoms have I?rge ?X?tat'o; entlarglels, Wh'g%rtinent information on the resonance—continuum coupling.
exceed the ionization energy of most atofasd molecules This is first compressed into a compact one-electron func-

During collision, ionization can occur with high probability tion, which we named the Penning molecular orbiMo)

and electrons are eJecte_d a_t relatively large energies. Thgnd which represents the source of continuum electrons. This
property allows the application of the Born—Oppenheimer,

S . . PMO is then expressed in form of a numerical partial wave
approximation for thermal collision energies. Furthermore, : . . .
i . ) expansion and is projected onto the wave function of the
because the electronic continuum is unstructureeak de-

pendence of the coupling on electron endrgyd the al- ejected electron with proper energy, as obtained by coupled-

lowed exit channel nuclear states are complete with respegpannel calculations in thg staUc-exchapge approxmgltlor.].
We have thoroughly discussed the inherent flexibility in

to the entrance channel wave functions, the ionization can bt% definiti f the Feshbach acti d sub i
viewed as a verticalFranck—Condontransition. Thus, the '€ d€finition ot iné Feshbach projection, and subsequently

entrance channel nuclear motion is governed by a local com?® have propSlc:))seddtwo geﬂhnm?nﬁ of gomplemel}tarly projec-
plex potential. However, even in the local approximation,tIon operatorsP and Q, both of them in terms of electron

only few quantitative applications have so far appeared in thgonﬂguraﬂon;. The one named resonance procedure IS
based on orbitals optimized for core-excited structures and is
most convenient for accurate resonance potentials, and the

dPermanent address: Institute of Physics, Universite of Zagreb, HR-IOOOBther named “target procedure,” is based on optimal target
Zagreb, Croatia. ’ '

YPermanent address: FB Physik, Univéitsitaiserslautern, Germany. _Ol'bita|5 (We use “target” in the sense of E_:Iectron scattering
®Electronic mail: meyer@chemie.uni-kl.de in the exit channel system, here Héliand is adapted to the
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simplest possible description of the exit channel electronistate wave function of the ionized complex and a free elec-
states. This difference is not a trivial one, due to significantron wave function,¢;—® , ¢;, while the resonance state
relaxation effects in the noble gas cores which accompanis described by an electronic functiof, . The entrance
the creation of a hole. For example, the arbital of He  channel (resonance potential V, (R), the exit channel
contracts upon excitation according to the change of the ompotential V,(R), and the PMO ¢p are defined
bital exponent from 1.7 to 2.0, yielding a relaxation energyas V, =(¢,|Helds), Vi=(P |Hg|P,), and o¢p

of about 1 eV. Consequently, the resulting PMOs are not=(® ,|H| ¢, ), respectively, whereH, is the electronic
necessarily the same in the two procedures. However, aftéamiltonian. The continuum electronic wave function is fur-
being projected onto the energy shell both of them vyieldther assumed in the form

basically the same coupling matrix elemenfsVe have

shown that for atomic (42s?) 2S resonances of Li and He ~ ~ _ . N

both procedures lead to equivalent results—for further de- ¢5:A¢)+‘P5:ACD+% Yin(@R) @om(FR), (1)
tails see Ref. 1.In the He (3S) + H case, we have also ana-

lyzed the dependence of the width function on the electronynere A antisymmetrizes the product @ ., with the con-

energy for several fixed internuclear separations. It turne¢,,um electron wave function. Note that the partial waves

out that the shape of the width function does depend on thgsfer 1o the molecule-fixed coordinate system, as indicated

;jeflrl!nonfof tr:ePtandQ ope_ratorls buttthtehvalue of the width | .o subscripR on & andf, in which m=0 is a good
unction for electron energies close to the resonance ener%amum number in our case.

stays rather stable.
With the derivation of compleX-dependent coupling tial
matrix elements we have the complete electronic structure
input for the subsequent treatment of nuclear motion and the
calculation of angle-dependent electron energy distributions.  ¢,m(fR)= > Yim(Pr)fen (1)1 1, (2
These coupling matrix elements are directly linked to the I
internal angular distribution of the electrons, and the inter- . , .
play of their phases with those acquired in the heavy particl%{1ere asymptoticallyf,,,—0 for 1=1". Note that in

motion determines the dependence of the electron spectra eniek’s' and previous treatments the rlght-har_1d side of Eq.
the detection angle. was reduced to a single termi=1I, supposing a pure

In this article we present the results of theoretical inves-c.:Oulomb wave. The phase shift pertinent to the radial func-

tigations of the attractive Penning system*i2s 3S) + Li, t!on Fen cqmprisg_s not only the .Coulomb phase ;hift. in a
one of the few simple systems for which well-resolved elec.f1eld tOft;:mt tp ositive tcha;r gle a]E E' but da+|f.o a contribution
tron energy spectra have been measured, also including irq-ue 0 Ihe atomic potentials ot He and L , .
formation on their angular dependerfée.Our previous The basic quantities required for the calculation of vari-
effort1° for a theoretical analysis and a reliable calculation®US €r0SS sections are comple>f partial wave compongnts
of autoionization electron spectra for this system were difelated to the space-fixed coupling matrix elemafiR) by

rected towards an accurate adiabatic potential of the reso-

nance state. The total width function was obtained by Stielt- B —/ _ i ~ .

jes imaging™*? with an estimated accuracy of 10%. These ViR =(gelHel ) E| Y in(@R)Va (R). ®
data were used for the calculation of the nuclear dynamics in

the commonly used approximatidsee Ref. 1 for discus- Within our approach they reduce to simple overlap integrals
sion) which neglects angular momentum transfer and pro—Vs|=<<Ps||<PP>-

vides electron energy spectra in best agreement with mea- The total(electronic and nucleawave function is of the
surements based on electron detection perpendicular to therm ¥e=Pg+Q¢e, and can be obtained as the solution
collision plane. In order to illustrate the anticipated effects ofof @ pair of coupled equations for the two componefios
angular momentum transfer, we also calculated approximatéore details, see Ref).1The Q-space partentrance chan-
spectra simply assuming putel= +4 transitions. We are nel) of the scattering solution with proper outgoing boundary
not aware of any other previous calculations for thé Hei conditions is, in the case of an isolated resonance, a single

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

system. (Born—Oppenheimerproduct of the electronic wave func-
tion and a nuclear wave functiorQ|¢g")=|¢, )x2".
Il. BASICS OF THEORY Similarly, the solution of the corresponding homogeneous

Two complementary projection operatoPsand Q=1 equation in the exit channel i§|¢g)=|<;/>5)|)(,g+), where

— P partition the electronic Hilbert space into two subspacesE++&=E, and E,=E.Q, denotes the energy and
one containing the relevant “background” continuum statesasymptotic direction of the motion of the ionized complex
and the other containing the “bound,” resonance, or au{He+Li" for PI, and HeLi for Al). The scattering nuclear
toionizing statés). The continuum states describe asymptoti-wave functions are usually expanded into partial waves com-
cally the ground state of the ionized molecular complex andosed of the products of angular and radial wave function.
a free electron ejected with energyin the space-fixed di- The radial wave function of the exit chanrié[, obeys the
rection wr(é=ew). The corresponding electronic wave radial Schrdinger equation for the potentidl, , while the
function behaves asymptotically as the product of the grounéntrance-channel radial wave functiény obeys the radial
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Schralinger equation for the complex potentid, +A 0.06
—(i/2)I", where the local widthl'(R) and the local shift 1
: . 0.05
A(R) are finally given as ]
0.04
F(R):Zﬂf d&)|V5(R)|2|8:8v(R), (4) E 0.03_.
R = ]
AR Pfd”’ Vi (R)[? c g 0%
( )_ & SU(R)_SI, ( ) é 0.014
< 9 .
where &,=¢(R,)=V, (R,)—-V.(R,) (vertical Franck— T 0.00- He*(S)+Li
Condon transition E 1
The double differential cross section which describes the '0'01'_
energy and angle distribution of the ejected electron is given —0.024
by 1
-0.03 -
o _ A7 (J, ! J) 4 6 8 10 12 14 16 18
dedo 9% K2 s \=-M M o0 R[au]
~ N 2 FIG. 1. Calculated potential energy curves of three lofer states(solid
XY m(@)Cyna(F3 | VIIF)| (6) lines) and on€’II state(dashed lingcorresponding to the asymptotic states
He* (S, 1S, °P) + Li.
where

J 1 J singly-occupied. The & orbital has been taken from a pre-

0 0 O)' (7 ceding SCF calculation for the cation LiHend kept frozen
(target procedune This ansatz provides an adequate descrip-
tion of the four asymptotes correlating to H&3S and %P,
respectively.

The exit channel electronic state of HéLis a singlet The partitioning of the electronic Hilbert space into two
state, so that only doubléE * states of H&Li are autoion- ~ complementary subspaces was achieved by defining projec-
izing. The core electrons of Li can be treated as essentiall{jon operatorQ andP=1-Q in the following manne«for
unaffected in the course of the PI process since core excitdurther details, see Ref)1The Q space for the final Cl was
tions are not accessible energetica(ﬂ/’he same is true for generated by all Single and double substitutions from the 14
Na, while in the case of K and Rb core excitation energiegeference configurations, excluding the configurations of the
are comparable to the excitation energy forHgo that com-  type (core)(b)?na with n>4. Forn=4, the latter configu-
plications arise from core-excited alkali statdsTreating rations correlate to the few lowest excité®ydberg states
Li* as a polarizable core, we have performed all-electrofie+Li* and do not belong to the exit channel. As in the
self-consistent field SCP/valence configuration interaction H€* +H case’ they do not contribute much to the resonance
(Cl) calculations, using the technique of multireference self-states either.
consistent electron pairé\/IRSCEBl4'15 and we included The Gaussian basis set used in our calculation is com-
core polarization effects by an effective local potentfal. ~ Posed as follows. For He we used theslSet of Ref.

The electronic structure of the resonance state correlatel? augmented with 8 (exponents 0.04, 0.016, 0.0064
to the Hé (2s3S) + Li(2s2S) asymptote undergoes signifi- & 5p set(3.0, 0.9, 0.3, 0.08, 0.025and Id set(0.08. For
cant changes as the interatomic distance varies. At short digl we used the 8 set of Ref. 18 with the two most
tances it is well-described by the single configurationdiffuse functions replaced bys3(0.13, 0.055, 0.022 6p
(core)1o(25)2. The orbital 2r is dominantly a covalent (2.0, 0.63,0.24, 0.1, 0.04, 0.01&nd 1 (0.12. The steep-
combination of the He 2 and the Li Z atomic orbitals(In  est functions—§ for He and 4 for Li—have been con-
the case of HEH, it represents a dominantly HLs atomic tracted according to their coefficients in an uncontracted cal-
orbital, see Ref. 1.At intermediate distances, the configura- culation. In order to get a faster convergence for the
tions 1o(30)? and 1(2030) with an antibonding delocal- correlation in the valence shell, which shows a rather strong
ized 3o orbital gain significant weight. The asymptotic state electron accumulation around the bond center, we have in-
is described by these three configurations with relativecluded some additional functions at the bond cefftarfur-
weights 3:3:2, respectively. Due to the large polarizability ofther details, see Refs. 19 and)20
He* at intermediate ranges there are also significant admix-
tures by the He @, orbital, in particular for the state corre- |v. RESULTS
lating to He (2s1S)+Li(2 2S). Therefore, we started our
calculations by using multiconfiguration SCEMCSCPH
wave functions optimized in the space of the?¥4 con- The four calculated potentialshree?s ™ and one?Il)
figurations which are possible from the six “active” orbitals are shown in Fig. Xnumerical data are available upon re-
lo—40,1m,,1m, under the condition thatd is at least ques}. The accuracy of our calculations may be judged from

Cyy=i7"7"12 + YA 23 +1)

Ill. DETAILS OF CALCULATIONS

A. Potential curves
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previous Lj calculation$®?°by the same method and a simi- 3 : :

lar basis set, in which case the experimental well depth of 6 -

D.=1.056 eV has been reproduced to within 6 meV. Thus, 3
3

TN
we roughly estimate that our calculated values are correct to
within 10 meV. For thé’S " He* (2s3S) + Li potential, we i 4 -
have calculated a well depth @&f.=867 meV and an equi-
librium distance oR.=5.54a,. This may be compared with
the empirical values 0D,=868(20) meV andR,=5.4(3) 2+

Im(V;) [107%a.u.]

ay, respectively, extracted from observed electron energy
spectrd For the?S " He*(2s'S)+Li potential the calcu- 0
lated values ard.=315meV andR,=7.06 a, while the
corresponding empirical values afe,=330(17) meV and
R.=6.9(8)a,, respectively Thus, our calculated values ) . . .
match the experimental ones within their quoted errors. We -4 -2 0 2 4
note that in a second experimental study of Hed Li col- Re(V;) [10~a.u.]
lisions using the merged'b_eams teChmque_ a well de.pth. 0I'IIG. 2. Complex coupling element4(R) (in a.u). The internuclear dis-
730(70) meV has been derived from analysis of the kinetiCiances are indicated by dots, starting with 3.5a, at the point labeled by
energy distribution of the product idh.The difference can 1, and continuing in steps of 0a&,(3.5a,—6.0a,) and 1ag(6 a,—12ay).
probably be traced to the fact that in this case the tVVOTh? most efficient region for ionization in thermal collisions involves the
entrance channels from asymptotic *H2s3S) and  POInts 2-6
He* (2s'S) atoms could not be distinguished.

It has often been noted that in many respects metastable
noble gas atoms behave like alkali atoms, in particulavery smallR, the main pattern of characteristic spiral curves
He* (2s°S) has been called lithiumlik® Actually, compar-  are similar to the ones obtained for the *H&S) + H case.
ing some atomic properties of Li, Na, K, and H&S), for ~ The strong decrease of the norms with increasing internu-
example ionization energies, first resonance transition eneclear distances is basically exponential and is the expected
gies, or atomic polarizabilities, as well as well depths andconsequence of the exchange mechanism for ionization. The
equilibrium distances for the corresponding diatomic pairscorresponding phase changes are partly due to the changes of
one can conclude that in almost all respect$ (18) comes  the electron resonance energy wih The total widthT,
closer to Na. Of course, an obvious difference betweenogether with the partial width¥,=2|V,|? (1=0-5), is
He* (2s3S) and the alkalis is the presence of the open-shelshown in Fig. 3. At shorter distances up to aboutz,8he
core, and the exchange interaction with treeelectron is in =2 component is the dominant one with significant contri-
the same order-of-magnitude as the chemical interaction ibutions from thel=1 and 3 components. The latter takes
the valence shell. Thus it is only accidental that theover for intermediate distances while the4 component
He* (3S)Li potential is virtually identical to the NaLi ground becomes dominant fdR>6 a,.
state potentiat®

B. Coupling elements

For systems such as HeLi, Na, electrons of energies 0.9
around 13 eMthat is, with de Broglie wavelengths of about ]
6 ay) are ejected mainly from a region close to the He 1 l
core and then move in a Coulomb field that is centered 0.7 -
4-10a, away, thus requiring the coupling of many electron y
angular momenta in the expansion of the wave functions
of the ejected electron, EQR). They are derived in numeri-
cal form in the static-exchange approximation wih cho-
sen orthogonal to all orbitals occupied in the ground state
wave function of the ionized compldkor more details, see
Ref. 1). With He as the expansion center, on average 16 )
coupled angular momenta [see Eq.(2)] were required to 0.2
obtain well-converged results for the complex coupling ma-

Fd
n
1 M

Width [10~a.u.]

0.1

trix elementsV,; =(¢,i| ¢p). The finall-dependent coupling ]
matrix elements, referring to the center of mass as origin, are 0.0
shown in Fig. 2 fodl =0-5 and a set of internuclear separa- 3
tions starting aR=3.5a,. Note that the most efficient re- R[a.u.]

gion for |on|zat|0_n n th?rmal COHISIOn_S involves the points FIG. 3. Partial width function§'|= 2|V, (R)|? for | =0-5, referring to the
2-6 corresponding to 'r_]temUdea_r distandesfrom 4 10 center-of-mass as origin, and the total width functioa ST, . Inset: par-
6 a,. Except for a peculiar behavior of tHe=0 curve for tial width functionsT, referring to He as the expansion center.
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FIG. 4. Internal angular distributioR;.( ,R) of the electrons ejected from

the collision complex H&(2 3S)+Li. The parameteR is varied fromR
=33, (outer curvg to R=6 a, (inner curve in steps ofAR=1a,. The
intensity scale of the polar plot is proportional to the autoionization width
I'(R)/2m (a.u.).

FIG. 5. Wave function of the ejected electron fBe=4.5a,. The gray
arrows indicate the electron flux.

The I-distribution of the coupling matrix elements sug-
gests a significant angular momentum exchange, dominated _ o S
by |[AJ=3 and 4 for distances @&,<R<6a,. Due to the would produce an isotropic internal angular distribution as
fact that the entrance channel turning point is rather larg&ould the expansion with respect to a shifted center; even so,
(~4a,) and the center-of-mass is close to*Lia simple the latter one produces all possilblé'he observed asymme-
classical estimate based on recoil arguments led Meat®  try is a consequence of the intrinsic underlying asymmetry in

to the conclusion thatAJ| values up td =4 are possible. the electronic structure of the wave function describing the
ejected electron. To illustrate this point further we show in

Fig. 5 the wave function of the ejected electron f@r
=4.5a,. With a bit of imagination, using the contour lines
The classical description of the angular distribution ofand gradientgorthogonal to the contour lingsis a guide,
ejected electrons is often based on the analysis in terms @he can judge how théasymptoti¢ internal angular distri-
the intrinsically unmeasurable internal angular distribufion. pution evolves. One can identify forward—backward asym-

C. Internal angular distribution

For a specific internuclear separatiBnit is given by metry, as well as lateral maxima, and even visualize the fo-
R 2 cusing effect of the Coulomb center at Li for the electrons
Pini(6,R)= |V;U(R)|2= EI i'VI(R)Y;m(6,00| , (8  which are ejected mainly from the vicinity of the Hs hole.

To this end we have added a fdégray) arrows which indi-
where 6 represents the body-fixed electron scattering anglecate the main electron flux.
Figure 4 shows thab initio internal angular distribution for
several internuclear separatioRsThe general pattern of an-
isotropy and asymmetry remains the same forRallEven  D. The energy dependence of the electron spectra
though the overall internal angular distribution requires inte-
gration overR, collision energie€,e, and impact parameters rg|ated to the characteristic properties of the attractive Pen-
b,. it sh_ould' not be S|gn|f|pantly different from the shape_sning system, and the gross structure of the Penning part can
given in Fig. 4. There is a pronounced asymmetry iNpe el explained by a semiclassical treatmh®? The
forward—backward direction and a small but sharp maximumypecirym stretches over more than 1 eV and comprises con-
near the perpendicular direction. tributions from nuclear angular momengaranging up to
By expanding the absolute square one can transform EGy,, ¢ 80 for a typical thermal collision energy of 100 meV.
(8) into a form that is more convenient for the analysis OfThe variation of the spectral shape with collision enefgy
angular dependence: is mainly due to the change of the range of contributing
angular momentd. Once the sum ovet is made, the inter-
. (90  ference patterns pronounced in individdatontributions to
the spectrum are progressively washed out with increasing
The parity of the Legendre polynomials is- ()" and it  collision energyE,,. The PI part of the spectrurtz <e,
is clear that only odd- terms contribute to the forward— where the “nominal” energye, is the energy at which an
backward asymmetry. The B-symbol is unequal to zero electron would be emitted in the separated atom Jiexhib-
only if I +1"+L=even, and it follows that fot to be odd, its the familiar Airy pattern with a supernumerary rainbow
there must be both even and obderms in expansiori3). structure connected with the minimum in the difference po-
Although thel-expansion of the coupling matrix element in tentialV, —V, . The main Airy peak is built up mainly from
the center-of-mass frame is quite different from the corre-high-J contributions. The weak Al part of the spectrum (
sponding expansion centered at the He ateee Fig. 3, the  =¢g() is mainly linked to lowd values and the turning point
resulting internal angular distribution remains unchangedregion of the entrance potential. The shape of the Al spec-
For example, a single-terin=0 expansion in the latter case trum is rather insensitive to the shape of the width function.

The general structure of the electron spectra is easily

I” 1 L
Pim(e,R)=§/ aL(I,I’)PL(cosa)(O o o
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We have calculated the energy-dependent total ioniza-
tion as well as the associative ionization cross section, and
the cross section for long-lived resonance states. Egr
<300meV the energy dependence of the calculated total
ionization cross section is well-described by (E)
=CE %%5 whereC=16.04 if cross sections are in&nd
energies in eV. This is in agreement with the expectation that
for attractive systems the total cross section should be pro-
portional to the orbiting, or close-collision cross section, 180°
which for the van der Waals long-range potential follows a
E~ %3 dependence. Wangt al?! reported aE~°3* depen-
dence. Within the stated uncertainty ©80%, their absolute
cross sections are also compatible with our calculations. The
calculated Al cross sections are less than 1.5% of the corre-
sponding total cross sections and the contribution of the
long-lived resonances to the total cross section is negligible,
again in accordance to findings of Waagal?!

8

135°

0

Electron Flux
gr

E. The angle dependence of the electron spectra 45°

For use in the dynamics calculatiofgg. (6)], the ab
initio calculated coupling matrix elements need to refer to a

partial-wave expansion with respect to the center-of-mass as o’

origin. In connection with the emission of nonspherical par- —— 7 —
tial electronic waves|>0, all transitions of the molecular -1.0 -0.5 0.0
rotation with|AJ<!| are possible. For the most efficient in- g-¢g [eV]

ternuclear distances around 4jthe leading partial width
contribution is|=3, followed by significant contributions ; - - :

. a single collision energf, =100 meV and an electron energy resolution of
from 1=2,4, and small terms frorh=0,1 (See F|g' 3 As 10 meV. The electron energy is defined relative to the “nominal” energy
stated, there is a sizable angular momentum transfer to the which an electron would be emitted in the separated atom limit. One can
emitted electron witHAJ| up to 4. see substantial angular dependence of the electron spectra f¢FSjle

Spectral features that are specifically related to the elect Li.
tron emission angle are best demonstrated on the basis of
spectra for single collision energies. Theoretical angle-
dependent electron spectra for a single collision energy ofonfiguration Ir(20)2, but the orbital 2 is dominated by
E,=100 meV are shown in Fig. 6. The spectra are showrthe H 1s component in the case of KEl, while in the case
with an electron energy resolution of 10 meV. At that level, of He* Li it is dominantly a covalent combination of the He
the rotational structure is smeared out, but there is a lot o2s and the Li Z atomic orbitals]
interference structure left. There is a significant difference in A substantial angular dependence of the electron energy
the structure and modulation in the Penning part as well as ispectra for H&Li was reported by Merzt al®!° Although
the associative part of the spectrum. The modulation is moréhe observed spectra were heavily averaged over the range of
pronounced in forward and backward direction than at 90°angles(up to =25° for 6= 90°), the following changes in the
The main Airy peak is shifted towards lower energies wherelectron spectra were reported) energy shifts of the Airy
going from 0° (forward to 180° (backward direction. interference structure to higher electron energy with decreas-
Changes in the modulation of the main peak, as well as shiftgxg emission anglé, (ii) difference in the clarity, with which
of the secondary Airy peaks, are also clearly visible. So farthe structure is observed, for varyirgy (iii) a relative in-
the description of the angular dependence of the electronrease in the intensity of the plateau, observed towards
spectra parallels the one for theHé case! But there is also  higher energies, with decreasing angle
a difference in the two cases caused by the different compo- We did not try to reproduce the experimental results of
sition of the partial width expansion. This difference is moreMerz et al®!° by a direct simulation of the experimental
clearly visible in the internal angular distribution. While in conditions because of lack of precise knowledge of the ve-
the HE&'H case, the internal angular distribution exhibits locity distributions of the two atomic beams. It should be
similar maxima in the backward and forward direction, thisnoted that these experiments were the first to establish an
is not the case for the Hi collisional system. This differ- angular dependence in the electron spectra for an attractive
ence, as stressed by the fact that2 dominates the partial- Penning system for which usually isotropy has been as-
wave expansion for HeH, while | =3 is the leading term in  sumed. Prior to the development of a new apparatus, as used
the case of HELi, could be traced back to the difference in in the later H&H experiment$® the apparatus had to be
the electronic structure of the resonance states, respectivelgpened between measurements at different detection angles
[At the most relevant interatomic distances, the lowest resocand uncontrollable changes in the experimental conditions
nance state for both systems is well-described by the singleannot be exclude®f. Instead, we show in Fig. 7 the simu-

FIG. 6. Calculated electron energy spectra at different detection afépes
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FIG. 7. Calculated electron spectra for an in-plane variation of the detection . —— —— .
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mean value of 100 meVsee text for detai)sand a resolution of 25 meV. * * °
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) ) FIG. 8. Measured+) (Ref. 8 and calculatedsolid line) electron spectrum
lation of electron spectra for a model experimental setufior detection at 90° perpendicular to the plane of the atomic beams, as

with an in-plane variation o#, corresponding to the follow- compared to the calculated angle-integrated spectfumshed ling The

ing typical beam parameters: well collimated metastablé:alculation assumes an electron energy resolution of 35 meV. The spectra
/3 . Lo are normalized to the same integral value.

He* (°S) beam with a central velocity af= 1650 m/s and an

effective temperature of =26 K, and an effusive source of

Li atoms with a Maxwellian velocity distribution corre- part of the spectrum to details of the tails of the interaction
sponding to a temperature o= 1100 K. These spectra, cor- potential as well as the width function. Figure 8 also gives
responding to a mean relative collision energy of 100 meVihe angle-integrated spectrum which is significantly less

and an electron energy resolution of 25 meV, indeed repromodulated due to the average over angle-dependent peak po-
duce all features observed in the experiments. In particulagijtions.

the shifts of the main Airy peak and the first supernumerary

peak agree even quantitatively: between the spectra for 45°

and 135°, respectively, the former is shifted by about 63/' CONCLUSIONS

meV in both cases while the latter is shifted by 90 meV in  We have presented new theoretical results for the au-
the calculated spectrum and 110 meV in the experiment. toionizing molecular collision complex Hé2s3S)

The measurements of Ref al® where performed at 90° +Li(2s2S). The Feshbach projection method is used to de-
perpendicular to the plane of the atomic beams with bearfine the core-excited resonance state and to obtain the corre-
conditions close to those given above. As discussed in ReEponding entrance channel potential energy curve as well as
1, the 90° perpendicular spectrum is not influenced byall the information needed for the resonance—continuum cou-
forward—backward asymmetry and most closely resembles pling via the Penning MO. The PMO is then expanded in
spectrum calculated by the approximate treatment generallgrms of the solutions of the electron scattering problem in
used in previous workand also in our previous treatments of the exit channel, which were obtained by coupled-channel
He* Li. %19 While good overall agreement between the “ap- calculations in the static-exchange approximation. Consider-
proximate” and the experimental spectrum was achieveding the autoionization process as a vertical transition leads to
the low energy tail of the main Airy peak was not reproduceda local complex potential for the resonance state dynamics
quite well. In Fig. 8 we compare the experimental spectrumand local complex coupling elements to continuum states,
obtained by Ruét al® with our angle-dependent spectrum aswhich correlate asymptotically to electrons of particular an-
calculated for 90° perpendicular to the collision plane and amgular momentum. Our calculations for the systent Hd.i
electron energy resolution of 35 meV. The resolution choserlemonstrate a significant angular momentum transfer to the
corresponds to the quoted nominal resolution of the experiemitted electron, which is dominated h%J|=3 and 4 for
ment and not to the estimated one of 60 nfeVhe calcu- distances belonging to the most efficient region for ioniza-
lated spectrum with a 60 meV resolutignot shown in the tion in thermal collisions. The coupling matrix elements are
figure) is clearly too broad and we consider the 60 meVdirectly linked to the internal angular distribution of the elec-
estimate as a very conservative one. The agreement in thens, and the interplay of their phases with those acquired in
region of the main Airy peak is now much better. There isthe heavy particle motion determines the dependence of elec-
still some discrepancy left for energies just below the nomitron spectra on the detection angle. We have calculated
nal energy. This is probably due to the high sensitivity of thisangle-dependent electron spectra as well as collision-energy-
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