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Abstract. An optical potential method is used to formulate a model for the post-collision
interaction that occurs in electron-helium scattering after excitation and decay of autoionising states. The model is an extension of an earlier description given by Nienhuis and
Heideman, and is used to study the effects of post-collision interaction in ejected-electron
spectra. We present a calculation of angular distributions of ejected electrons from the
He**(2s2)'S autoionising state. It is argued that study of angular momentum exchange
during the post-collision interaction requires detailed knowledge of the interfering background of the direct ionisation process.

1. Introduction

The long-range Coulomb interaction between the two electrons in the exit channel of
a collision process, following the excitation and decay of an autoionising state, manifests
itself in an exchange of energy between the two electrons. When the autoionising state
is excited near its threshold by electron impact, the slow scattered electron is still close
to the atom at the moment of autoionisation. After autoionisation the fast ejected
electron acquires some extra energy as the field of the residual He+ ion is screened by
the scattered electron, which simultaneously loses an equal amount of energy. This
interaction, which has been termed post-collision interaction ( PCI), has led to the
formulation of models, which describe the energy exchange between the two electrons.
Two models have been studied extensively. The shake-down model, proposed by
Read (1977) and also studied by Read and Comer (1980), is based on the idea that
the scattered electron makes a sudden transition from a plane wave state to a Coulomb
wave state in the field of the He+ ion. According to this model the transition amplitude
can be expressed in the form of an overlap integral between the initial state and the
final state of the scattered electron.
A semiclassical model was formulated by Morgenstern et a1 (1977) and Niehaus
(1977), and used for the analysis of post-collision interaction in ion-atom, photon-atom
(inner-shell ionisation) and electron-atom collisions. Recent developments concerning
this model are described by Russek and Mehlhorn (1985). The semiclassical model
uses time-dependent Born-Oppenheimer potential curves for the initial and final states
in the autoionisation process. The transition amplitude is approximated by using
first-order perturbation theory. For electron-atom collisions the semiclassical model
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leads to an expression of the PCI transition amplitude that is equivalent to the shakedown transition amplitude (see van de Water and Heideman 1980).
As the ejected electron moves in a time-dependent dipole field formed by the
scattered electron and the He+ ion, it may well be that small exchanges of angular
momentum occur between the ejected and the scattered electron due to the non-radial
forces exerted on both electrons. Recently van der Burgt et a1 (1985) have shown that
angular momentum exchanges occur in a particular case. In the shake-down model
angular momentum exchanges are excluded; in the semiclassical model angular momentum exchange may be taken into account by including a centrifugal term in the model
potentials (see Niehaus and Zwakhals 1983).
The purpose of this paper is to reformulate the optical potential model of Nienhuis
and Heideman (1976) and van de Water et a1 (1981). The model leads to an expression
for the transition amplitude containing two terms, the first of which is equivalent to
the shake-down model, and the second term describes angular momentum exchange
during PCI. The present version of the model will be applicable to situations where
the scattered electron remains in a continuum state in the field of the Het ion, instead
of being captured into a bound state. We present an outline of the model, the result
of a calculation concerning the experimental study of van der Burgt et a1 (1985), and
a discussion on the feasibility of a detailed comparison between theory and experiment.

2. Optical potential description
An optical potential description of PCI for the case where the post-collision interaction
causes the scattered electron to be captured into a singly excited state was given by
Nienhuis and Heideman (1976) and van de Water et al (1981). This description can
in a straightforward way be reformulated for post-collision interaction in ejectedelectron spectra (i.e. the scattered electron remains in a continuum state). The model
employs the formalism of Feshbach (1962) by choosing the operator P to project on
the subspace of helium states with at least one electron in the 1s orbital. This subspace
contains both the initial state of an electron incident on a helium atom in the ground
state, and the final state of two electrons receding from a He+ ion in the ground state.
The complementary operator Q = 1 - P projects on the subspace which contains the
autoionising states together with a scattered electron of low energy. According to the
formalism of Feshbach the transition amplitude can be expressed as the sum of two
parts: T = T p+ To,,, where T p describes the direct ionisation process and To,,contains
the effect of autoionising states on the ionisation process. The equation for Toptis
(analogous to Nienhuis and Heideman (1976), equation (3.10))

Here the initial state IkiO) represents an electron with wavevector ki incident on a
helium atom in the ground state, the state Ik,a) represents an autoionising state (energy
E,, width r) and a free electron and lk,k,) represents the ejected electron a and the
scattered electron p in the field of the He’ ion. The final state Ik,k,) replaces the state
IkJ) in the equations of Nienhuis and Heideman (1976) and van de Water et a1 (1981).
We now explicitly introduce the Coulomb interaction Vup= Ir, - rpl-’ between
electron (Y and electron p in the transition amplitude by writing down a second-order
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Born approximation for the final state:

Here Ik,k;-) denotes an eigenstate of PHP, the full Hamiltonian of the system projected
on the P space, whereas I [ k , ] [ k p ] ) is an eigenstate of PHapP= P ( H - V,,)P and
represents electrons CY and /3 receding independently of each other in the He+ field.
The operator ( E - - PH,,P)-' can be expanded using an approximate closure of
eigenstates of Hap:

This closure is approximate as the part of the spectrum of states of Hap,with one or
both of the electrons being bound in the field of the He+ ion, is ignored.
The resulting expression for the transition amplitude is

To,,
=T
t;:

+ Tbzd,

where I P is the ionisation energy of helium. The first part Tyd, of the transition
amplitude gives the sudden approximation on which the shake-down model (Read
1977) is based. The second part Tb2d, contains angular momentum exchange between
the scattered electron and the ejected electron during the post-collision interaction.
Our intention is to study the final step in the total scattering process when the
post-collision interaction takes place. Accordingly we have calculated only the matrix
element describing the final step, and we have made suitable approximations for the
excitation and decay of the autoionising state. We have not included the effects of
exchange or spin in our formalism, since these effects are not likely to play a role
during the post-collision interaction due to the large difference in energy between the
scattered electron and the ejected electron. In the derivation leading to (4) and ( 5 )
we have assumed that after decay of the autoionising state the scattered electron and
the ejected electron interact via intermediate states with both electrons in a continuum
state in the field of the He+ ion. Furthermore we have used a second-order Born
approximation for the final state.
If we now make the assumption that the decay of the autoionising state is not
affected by the presence of the scattered electron, and that the interaction between the
scattered electron and the autoionising state corresponds to an average potential
interaction, it follows that
([ k & 1 kb 1I PHQ Iksa -) = ([ k b 1I k 3 k b, 1IPHp 0I a )

(6)

where lky) indicates a distorted wave. In the actual evaluation of the PCI matrix
element, post-collision interaction is assumed to occur at a large distance from the
He+ ion and the distorted wave is replaced by a plane wave.
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Before calculations based on (4) and ( 5 ) can be performed, the transition amplitude
has to be expanded in partial waves. The resulting integrals over radial wavefunctions
can subsequently be evaluated numerically. Expansion in partial waves proceeds
exactly as before (van de Water et a1 1981) and leads to the equations

Here i:(kr) is a Ricatti-Bessel function, Fl(-l/k, kr) and H;(-l/k, k r ) are radial
Coulomb wavefunctions and a(1, k) = arg r(1 + 1 - i/ k) is the Coulomb phaseshift. Also
K, is the root, with positive imaginary part, of $KS = E - E,+$iT and K &is given by
Kb = [ 2 ( E- I P ) - k&2]'/*. The geometrical factor is

Finally T ( KJ, aL, + &mi,0) and x(k&+ a ) are the matrix elements for excitation and
decay of the autoionising state, respectively (see equation (3.8) of van de Water et a1
(1981) and equation (4.10) of Nienhuis and Heideman (1976)). The most important
difference between the present formulae and the formulae of van de Water et a1 (1981)
is the replacement of a hydrogen wavefunction by a Coulomb wavefunction. In (9)
another Coulomb wavefunction replaces the Ricatti-Bessel function in equation (3.10)
of van de Water et a1 (1981). It is seen that the radial integral in (8) is equivalent to
the shake-down model of Read (1977) and that no angular momentum exchange occurs
between the scattered electron and the ejected electron in the shake-down model.

3. Cross sections

If the quantisation axis is chosen along the incident electron beam the triply differential
cross section for scattering of electron a with energy E, in the solid angle element
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dR, and of electron /3 in dR, can be written as

t:if

are given by (8) and (9), respectively. The interfering part of the
where tbf), and
direct ionisation amplitude is contained in tdir in (11). When a partial wave expansion
of the transition amplitude T p for direct ionisation is made, an expression similar to
(7) results, the interfering part of which is represented by t d i r . The non-interfering
part of T p is contained in B in (11).
When the scattered electron is not detected, the differential cross section for
detection of ejected electrons at angles a, pm is

where PIm(cos4) is a normalised associated Legendre polynomial. If we write the
interfering part of the direct ionisation amplitude simply as A and retain only the
shake-down part of t o p t ,the shake-down cross section can easily be derived:

where
a = z ( l m L,-mlliO)PLo-m(cos4 Q ) ~ ( k m t a ) T ( KaL,tkiZi,O)
,l,

(14)

1,

and
.
-2 exp(-iu(1, k , ) )
qe'X
=
k,
In the past there has been some discussion as to whether scattering amplitudes for
autoionisation and for direct ionisation should be added coherently or incoherently.
Equation (12) shows that PCI structures in ejected-electron spectra are partly coherent
as only terms with equal 1, are added coherently. Note that the parameter A in (13)
is a function of the quantum numbers 1 and m of the scattered electron and of the
angle Om of the ejected electron. In fits of the shake-down and semiclassical models
to ejected-electron spectra (e.g. Morgenstern et a1 1976, Read 1977) interference was
taken into account by merely including one variable for the interfering part of the
direct ionisation amplitude, thereby ignoring the summation over 1 and m. These fits
provided a qualitative understanding of PCI structures in ejected-electron spectra, but
it is clear that angular distributions of ejected electrons can only be properly analysed
when this summation is taken into account.
We have calculated only the part of the total transition amplitude that describes
the post-collision interaction, and we have made approximations for the matrix elements
for excitation and for decay of the autoionising state, T (KJ,, aL, t kili,0) and X ( k &t
a ) , respectively. As a consequence we have to restrict calculations to cases where only
one partial wave li of the incident electron and one partial wave 1, of the scattered
electron dominantly contribute to the excitation of the autoionising state. Such a
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situation occurs when the autoionising state is excited via a negative-ion resonance.
As the calculation has been carried out for a fixed incident electron energy the amplitude
for excitation of the autoionising state is merely a proportionality constant, which has
been taken equal to 1 in the calculations. Calculations involving more partial waves
would require evaluation of the matrix element for excitation of the autoionising state.
Also, we have approximated the decay amplitude by a step function, the step occurring
at k &= 1 au. The same approximation was made by van de Water et a1 (1981). Lipsky
and Conneely (1976) have calculated the decay amplitude for some autoionising states.
Their results show that the decay amplitude rapidly rises around k &= 1 au and is
approximately constant for higher k &.
The radial integrals in the transition amplitudes trd, and tb'd, contain integrands
that are products of radial electronic wavefunctions behaving asymptotically as sums
of sine functions with slowly decreasing amplitudes. Therefore our basic technique
to evaluate these radial integrals was integrating up to a finite radius by repeated
Gauss-Legendre quadrature or automatic quadrature, and estimating the remainder
of the integral by applying a Euler transformation (Wynn 1971). The Euler transformation can be applied to the alternating series that results when repeated integration
between adjacent zeros of a regularly oscillating function is performed.
An asymptotic expansion of the radial wavefunctions occuring in the multiple
integral tb"d, in (9) shows that a singularity occurs on the energy shell, i.e. when k &
equals k,. For that reason we have made a numerical approximation of the principal
value integral 9 dk& by applying an even-point Gauss-Legendre quadrature on a
symmetrical interval around k &= k, (see Piessens 1970). This singularity may be of
the same nature as the singularity in the Born series for the direct ionisation process
(see Popov 1981). Thus our model is not suitable for a very accurate calculation and
needs further improvement so that the singularity is removed. We have performed a
model calculation to be able to illustrate the difficulty that arises when a detailed
comparison with experiments is sought.

5

4. Results and discussion
A practical case which lends itself to a model calculation concerns the electron impact
excitation of the He**(2s2)'S autoionising state via the H e - ( 2 ~ 2 p ~ )resonance.
~D
By
measuring the angular distribution of ejected electrons from the He**(2s2)'S autoionising state we were able to show that the ejected electrons exchange orbital angular
momentum with the resonant scattered electrons (van der Burgt er a1 1985). We briefly
summarise the argument.
At an energy of 58.3 eV the excitation of the He**(2s2)'S autoionising state is
enhanced by the He-(2s2p2)*Dresonance, and the slow scattered electron recedes with
1, =2. As the slow scattered electron in the direct ionisation channel has a very low
energy we assume that it only occurs significantly in 1; = 0 or 1 partial waves. Because
the scattered electrons are not detected in our experiment, interference with the direct
ionisation background vanishes unless angular momentum exchange results in 1, = 1;
(this can be verified from (12): only terms top, and tdirwith equal 1, interfere). As the
He**(2s2)'S autoionising state decays to the ground state of the helium ion Hef( Is),
the initial angular momentum of the ejected electron is I, = O . If there is no angular
momentum exchange during PCI, and consequently no interference, clearly the distribution of the resonance in ejected-electron spectra has to be isotropic. Conversely, an
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Figure 1. Calculated angular distributions are presented of ejected electrons from the
He**(2s2)'Sautoionising state following its electron impact excitation via the H e - ( 2 ~ 2 p ~ ) ~ D
resonance. After post-collision interaction the scattered electron recedes with E,, = 0.21 eV
in different partial waves lp =0, 1, 2 and 3 (see below). A measured angular distribution
is also plotted in the figure. The radial scales of the measured and calculated angular
distributions are different so that only the shapes of the curves can be compared with the
calculations: A, lp = O ( x l ) ; B, lp = 1 (x2);
measurements (see text). Measurements:
C, l p = 2 ( x i ) ; D, l p = 3 ( ~ 8 ) .

0;
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amplitude in (12) is isotropic and much larger than the autoionisation amplitude topt.
The angular distributions are plotted for fixed values of lp in figure 1.
The results of the experiment by van der Burgt et a1 (1985) are also included in
figure 1. However, care needs to be exercised in comparing the measurements with
the calculations, as the measurements fully include interference with the direct ionisation but the calculations merely include an isotropic interfering background. There
are two possibilities of reconciling the calculations with the measurements.
(i) In our analysis of the measurements we have assumed that only l&= 0 and
l & = 1 partial waves of the slow electron in the direct ionisation process contribute
significantly to the total differential cross section. Accordingly we may compare the
measurements with the lp = 1 calculated angular distribution, and suppose that the
differences with the measured angular distribution are caused by interference. The
lp = 0 calculated angular distribution clearly is not satisfactory as it has a minimum at
54" in contrast with the measurements.
(ii) Our assumption may not be correct, i.e. also I & = 2 and 1; = 3 partial waves in
the direct ionisation cross section contribute significantly. In that case most probably
the measured angular distribution arises for the major part through interference of the
lp = 2 angular distribution with the direct ionisation. According to the calculation the
lp = 2 partial wave dominantly contributes in the autoionisation cross section. The
difference between the measured angular distribution, which is anisotropic, and the
lo = 2 calculated angular distribution, which is nearly isotropic, may be assumed to be
caused by interference.
The above discussion shows that a comparison between theory and experiment
cannot yet give information about angular momentum exchange during PCI. Only a
detailed analysis of the interference with the direct ionisation process can provide such
information. However in our opinion it is unlikely that PCI in electron-atom collisions
can be described by a sudden process only. In the final part of the collision process
the scattered electron suddenly feels the attraction of the Het ion at the moment of
autoionisation, but after that a long-range Coulomb interaction occurs between the
ejected electron and the scattered electron. In addition the polarising effect of the
scattered electron on the autoionising state might determine the initial situation from
which after autoionisation the post-collision interaction evolves. An indication that
such an effect exists is given by the existence of shape resonances very close to the
thresholds of the autoionising states (van der Burgt et a1 1986).
The long-range Coulomb interaction between both outgoing electrons also manifests
itself in the direct ionisation process and leads to observable effects (Klar and Franz
1986, Klar e? a1 1986). Therefore it might well be that this interaction does not
contribute to the difference in phase between autoionisation and direct ionisation, but
that the interference between autoionisation and direct ionisation is primarily determined by the sudden step in the autoionisation process. However a full understanding
of the autoionisation process can only be achieved by a study of both autoionisation
and direct ionisation, including a detailed analysis of the interference between both
processes.

5. Conclusion

We conclude that the optical potential model for post-collision interaction, which is
described in this paper, can be used for the calculation of effects of post-collision
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interaction in ejected-electron spectra. Comparison of calculated angular distributions
of ejected electrons with the measurements is greatly hampered by the fact that
interference with the direct ionisation process cannot be taken into account. Further
study of the post-collision interaction would therefore greatly benefit from calculations
of differential cross sections for direct ionisation in the relevant energy ranges.
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