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Autoionization Dynamics of Excited Collision Systems: Angular Dependence of the Electron
and ion Energy Spectra for He*(2 S) +H
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We present the first angle-dependent energy spectra for the basic autoionization process
He*(23$)+H(12S) leading to Penning ionization ( He+H++e; PI) and associative ionization
[ HeH+(v+, J+)+e; AII. Our results include electron energy spectra for both reaction channels
and the H+-ion energy spectra for PI. The variation of the electron spectra with angle demonstrates the
presence of substantial contributions from non-s-type electron partial waves, with the angle-dependent
electron signals due to AI yielding clear information on the internal electron angular distribution of the
autoionizing quasimolecule.

PACS numbers: 34.50.Gb, 33.70.—w, 34.50.Lf

The autoionization dynamics of collisional complexes is
a lively topic of research [1-11]and the recent develop-
rnents in laser cooling and trapping of atoms have created
additional interest in ionization processes of excited
atoms at low collision energies E„1 [3,4, 12]. Besides
studies of the velocity dependence of the ion production
[3,10,11,13,14] and analyses of the ion angular distribu-
tions [7,8], high-resolution electron spectrometry of ioniz-
ing collision systems has proven especially fruitful in re-
vealing details of the autoionization dynamics [1,2,4-6,
11,15-17] and in yielding direct information on the un-

derlying interaction potentials [4,5, 15-18]. One of the
basic properties of the autoionizing collisional complex is
its internal electron angular distribution, i.e., the angle-
dependent electron intensity, as emitted in the frame of
the autoionizing quasimolecule for specified internuclear
distance R. Several authors [6,19-22] have addressed
the problem of how to extract this property from electron

v

He (23S )+H(1 S, )
He(1'S)+He++e (PI),
HeH+(v+, J+)+e (AI).

For some time, this reaction has been regarded as a mod-
el system, both experimentally and theoretically ([2,5,
15,16,26] and references in [16]). The good agreement
between the high-resolution electron energy spectrum
[16]—partially resolving the rovibronic structure due to
HeH+(v+, J+) formation —and a quantum mechanical,
optical potential calculation seemed to indicate that the
ionization process is well described by the underlying
theory [16]. The calculation involved accurate ab initio
potentials for the real parts V~(R) and V+(R) of the
He*+H and He+H+ systems, an adjusted imaginary
part (autoionization width) I (R) for the coupling of the
entrance channel to the continuum, and the assumption
that the heavy-particle angular momentum is conserved
(J*=J+) in the electron emission process, implying iso-
tropic electron emission (s wave only). Recent work on
the rather similar, attractive system He*(2 S)+Li(2 S)
revealed a substantial angular variation of the shape of
the electron energy spectrum [5,17], which was attributed
to angular momentum exchanges IhJI =IJ*—J+I be-

angular distributions, measured with respect to the col-
lision velocity axis. The experiments carried out at
thermal collision energies [6,19,22-251 always involved
an average over impact parameters and —with two excep-
tions [17,25]—dealt with the angular dependence of cross
sections integrated over electron energy. Energy-
integrated data, however, provide less information on the
internal angular distribution than electron-energy-
differential results, especially for attractive systems (with
potential well depth large compared with the collisional
energy) which tend to yield isotropic energy-integrated
cross sections [19,22]. Previous work on spontaneous
electron emission from slow atomic collisions at keV ener-
gies yielded detailed information on the charge cloud dis-
tribution and alignment of autoionizing atomic states, as
derived from energy- and angular-resolved electron-ion-
coincidence measurements [2].

In the present work we investigate one of the simplest
autoionizing collision systems,

(la)
(lb)

tween the heavy-particle system and the emitted electron.
A classical estimate based on recoil arguments yielded
IAJ,„I = 4t1, compatible with the significant angle-
dependent changes of the spectral shapes [17]. A similar
consideration for He*+ H results in Id J I S 6, supporting
the idea of negligible angular momentum exchange in

this system. It has to be noted, however, that the width
I (R ), adjusted for He* (2 S) + H [15,16], exhibits a
much stronger decrease towards larger R than theoretical
ab initio widths [5,26]. This discrepancy and the He*
+Li results provided the motivation to carry out the first
angular-dependent study of the He*(2 S)+H system.
The obtained results demonstrate substantial anisotropy
in the angle-dependent spectra and provide for the first
time direct information on the internal electron angular
distribution.

Our experimental setup, shown in Fig. 1, involves
crossed atomic beams and two double hemispherical con-
densers for electron and ion detection. The metastable

1992 The American Physical Society



VOLUME 69, NUMBER 24 P H YSICAL R EV I EW LETTERS

'(2 S2 S)

14 DECEMBER, R 1992

Z
LLJ
I—
Z

Z0

BEAM ROTATABLE
ENERGY ANALYZER

VH

3 4 5
I

ELECTRON ENERGY [BV]

FIG. 2. Ener sgy pectra of el t
H(l S) collisions as

'
ns, as observed at the da etection angles e

r iona to the cross section.

+e (e), H'(8')

FIG. 1. Semischematic illustration of

and ion ener s
yo t ean ulag lar dependence of the

m ap-

rgy spectra due to H *(2'S
e electron

h 1o't' y diagram involves the res ec
'

S) collisions.
es e respective average velocities

helium atoms are produced
old- thod d d' h

dfo h b o
( a

earn to an amount of less than 0.5%
contnbution (2 S/2'S =
th

' d'e irra iation from an
roun ing the He bead'"har ' '"' d

H *(2S)bearn can be monit
n intensity of 1.5X10'

bl 1e veocity is 50 /

du"d '" '" "' '" d
h' b

air-coo ed microwave

b

er and is guided to the r

ive density ratio of n(H)/n(H 2

assumed to be M
e atoms was not m easured, but can b

e a axwell distribu
n e

(
sive

relative collis'

b h

rt
o atomic beams and s

allow the det....,..t,.. .f ..1. d
n serves as a monito t

integrated cross; e ectionss sections; its detection
nergy-

g o
e a ways used in

second spectromet
previous work. Th

me er is rotatable to det
e

in the collision pla

o etect electrons (ions)

Both detectors a
ane spanned b they e two atomic beam

s are operated at the fi

earns.

ergy of 4.8 eV leadin
e xed transmission en-

ea ing to an effective res u

me V. The electec ron ener s e
resolution of about

neg1igible cont bn ri ution due to Pennin
gy pectra contain a

ground-state molecular h du ar y rogen (below 4.5 eV) and a

o minor contribution due to the re
( . ). p o o"poe electron s ectra

measured and ro e
sses

p op

y The energy scale is

sma and almost cconstant background.

y comparison with the well-k orp a

suits are corrected f h
, simultaneousl

e or the ener de
y measured. The

gy p

e re-

tion

ansmission 28]. Thansm ~ e overall
e spec-

g
en is limited b ty " g

e e usive H atom be
to be better than ~ 30'

earn and estimated

Figure 2 shows three out f
'

tr
d h

u o six electr
e ection an les e =

ra

g
g re ative veloci-

re He VH~ wit e = 1 80'
o e ectron emission fr

the center-of-m fass rame (see Fi . 1).
rom the He atom

'
1 ll

ig. . All the spectr.
er erence patterns

a

eV, associated with
p erns at energies a&5.8

eV, wit two coalescent
h [4,5, 15,16,22 29] and in this c

ary

d energy function

serves distinct str e o
ound rovibrational 1

e ormation of quasi-
o

' '
na evels of HeH+(v+

e range 5.8 ~t.~
'" "g"

a

tionn of truly bound H H+
ve rovibronic structure du

e v, J+)
ue to the forma-

levels at electron en-

3468



VOLUME 69, NUMBER 24 PH YSICAL REVI EW LETTERS 14 DECEM BER 1992

ergies e& 6.27 eV [16] [i.e., e& Eo+E„]with Eo equal
to the He*(2 S) energy minus the ionization energy of
H(1 S)]. We emphasize the substantial differences be-
tween the three spectra in Fig. 2, which are observed in

spite of the limited angular resolution of our experiment:
The Airy-type and quasibound structures are more
strongly modulated in the forward (8=10') and in the
backward (8=180 ) direction than at 8=90', the
present 8=90 data —with almost identical results ob-
tained from both the rotatable and the fixed monitor
detector —are in essential (but not perfect) agreement
with the previous work [15,16] (a detailed comparison
and critical discussion will be presented elsewhere).
Similar to the variation first observed for He*(2 S)+Li
[17], the Airy interference pattern is found to smoothly
shift towards lower energies, when going from 8=10' to
180', most notably so for the three supernumerary peaks,
observed at about 5.0, 5.4, and 5.65 eV, respectively, for
8 =180'.

Perhaps the most striking result is the strong intensity
variation in the energy ranges immediately below the on-

sets for HeH+(v+ =1-3,J+ & 0) formation, indicated

by dotted lines in Fig. 2. In the spectra taken at 8=10'
and 180', a steep rise is observed towards a maximum lo-

cated within 0. 1 eV of the onset, whereas at 8=90' the
intensity rises gradually towards lower energies; the latter
behavior closely resembles the calculated AI intensities,
as discussed previously [16]. The data at 8=10' and
180' therefore signal a strong enhancement for AI into
low J+ rotational levels as compared to 8=90'. Inspec-
tion of the calculated rovibrational AI cross sections and

energy levels [16] shows that the intensity variation in the
O. l-eV interval below the v+ =1 and 2 onsets can be
directly correlated with the angular-dependent cross sec-
tions for the population of the respective J+ =0-5 rota-
tional levels. Low J+ final states originate from low J*
initial angular momenta, i.e., are due to collisions with

small impact parameter; HeH+(v+, J+) ions with low

i + and J+ can only be formed if the excited quasi-
molecules penetrate to small internuclear distances
[R =(2.2-2.4)ao [16]]. Classical trajectory calculations
show that the orientation of autoionizing quasimolecules
with J*=0-5 and R = 2.3ao is confined to a rather nar-
row angular range of about ~ 25 around the relative ve-

locity direction.
The inherent orientation of those autoionizing mole-

cules which are associated with the energy-resolved detec-
tion of low J+ AI products allows for the first time a
qualitative reading of the internal electron angular distri-
bution directly from the corresponding 8-dependent elec-
tron intensities. From an inspection of the t.

+ =1, 2, and
3 onsets in our six measured spectra we conclude that the
internal angular distribution exhibits similar maxima in

the backward as well as in the forward direction; they
exceed the minimum around 8=90 by at least a factor
of 2-3. To our knowledge such direct experimental infor-
mation on the internal electron angular distribution has

not been previously reported. We note that recent ab ini-
tio calculations of the internal angular distribution for
He*(2 S)+Li [30] indicate a maximum in the forward
direction (i.e., in the direction of the vector pointing from
He* to the target atom), which can be attributed to the
focusing action of the Coulomb potential centered on the
ionized target atom. We also mention that calculations
of Hertzner [31] on the internal electron angular distri-
bution for the repulsive system He*(2 'S) +Ar yielded
maxima both in the forward and in the backward direc-
tions.

The orientational selectivity associated with near-zero-
impact-parameter collisions, discussed above for the AI
signals at low J+, is present for all the kinetic energies of
the thermal distribution. Although dependent on col-
lision energy, the near-orbiting trajectories (J* around
25 at E„,~=50 meV), which lead to quasibound ion

states (J+ =23-27 for the 5.8-6.1-eV range) by electron
emission close to 2.4ao, also retain significant ori-
entational selectivity: Electron emission occurs with

molecular orientations opposite to those for low J*, but
again almost parallel to v„~. Similar to the AI signals at
low J+, the angular variation of the modulation strength
of the structure in the 5.8-6.1-eV range indicates sig-
nificantly larger contributions from the highest partial
waves (J*=23-27) in the forward and backward direc-
tions than into angles around 8=90'. With regard to
the angular variation of the Airy oscillation structure
(a & 5.8 eV), we note that this part of the electron spec-
trum is due to electron emission over a large range of in-

ternuclear distances, preventing the direct interpretation
of the data in terms of an internal angular distribution,
which is expected to be R dependent. As observed previ-

ously for other attractive PI systems [19,22], the energy-
integrated electron intensities depend only weakly on an-

gle; a satisfactory fit to our data points is obtained with

the expression P(8) =g„=oa2„cos2n8 (ao =1, a2
=0.080, a4 =0.126), indicating symmetry around
8=90'.

We now brieIIy discuss the angular dependence of the
H+ energy spectra, corresponding to Penning ionization
at electron energies ~5.7 eV (Fig. 3). The 8'=0' spec-
trum corresponds to forward scattering of the H+ ions

[i.e., along the H(ls) direction in the center-of-mass
(CM) frame; see Fig. 1]. Apart from an angle-dependent
energy shift due to the influence of the CM motion which
is expected to be largest for 8'= 107' (H+ emission in

the direction of the CM velocity), the spectra have simi-

lar shapes in the 8' range 0 -90 with an Airy interfer-
ence structure similar to that observed in the electron
spectrum at 8=90'. Towards backward angles (8'
& 90') additional structure emerges in the main Airy
peak, which can be attributed to the so-called "fast oscil-
lations" [4,26] due to the interference of incoming and

outgoing heavy-particle waves. Their presence indicates
that only a restricted number of angular momenta con-
tribute, as expected for backward scattering (contribu-
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and Dr. A. Hertzner for providing a copy of his disserta-
tion.
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FIG. 3. Energy spectra of H+ ions due to Penning ionization
in He*(2'S)+ H(12S) collisions, as observed in the laboratory
H+ energy range 0.4-2.8 eV at the six given detection angles
O'. The spectra are normalized to equal height at the respective
maxima.

tions from low J*/J+, accompanied by selected high
J*/J+ orbiting trajectories leading to 8' around l80').
The energy-integrated, angle-dependent H+-ion cross
section peaks at e'=0, similar to previous results for
He*(2'5)+H [7] and Ne*( Pz)+H [8]. Beyond a
minimum near e'=90' we observe an increase towards
the backward direction. To our knowledge, such a back-
ward peak has not been previously reported for Penning
ions. It is likely that this backward peak is in part due to
near-orbiting trajectories.

The data presented in this paper provide the first
angle-dependent electron and ion energy spectra for the
basic autoionization system He*(2 S)+H. We have

shown that several features of the observed spectra allow

direct conclusions to be drawn on fundamental properties
of the autoionizing molecule (such as the internal elec-
tron angular distribution) and thereby to obtain deep in-

sight into the autoionization dynamics of small collisional
complexes. Our detailed experimental results will present
a sensitive test of ab initio theory. We note that calcula-
tions on the autoionization amplitudes [30] are in pro-
gress; they will shed more light on the role of non-s-type
electron partial waves and the corresponding anisotropic
electron angular distributions.
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Forschungsgemeinschaft through Sonderforschungsbe-
reich 91. We thank Professor W. Meyer for the com-
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