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Abstract

The flexibility of the (e, 2e) technique in obtaining information on both structure and collision
dynamics is demonstrated. An example of the structure information that can be obtained
is illustrated by electron momentum spectroscopy studies on krypton, while the role of
post-collision effects and correlations is explored by measurements in the autoionising region
of helium.

1. Introduction

The (e,2e) process, in which the momenta of the incident electron and two
emitted electrons in an ionising collision are completely determined, is capable of
revealing a rich variety of information. Depending on the kinematics employed,
it is possible to investigate in detail either the dynamics of the ionising collision
or to use the reaction to elucidate the structure of the target and the ion. When
used for structure determination, high energies and high momentum transfers
are normally employed to ensure the ‘clean’ knockout of a target electron. This
form of (e,2e) spectroscopy, where the kinematics are symmetric, is commonly
referred to as electron momentum spectroscopy (EMS) and has been reviewed
extensively by McCarthy and Weigold (1988, 1991) and more recently by Brion
(1993) and Coplan et al. (1994).

For most ionising collisions, however, the kinematics is asymmetric, the two
outgoing electrons having very different energies and the momentum transfer to
the target is usually small. Such asymmetric collisions have generally been studied
using simple targets such as hydrogen (Weigold et al. 1979) or helium (Ehrhardt
et al. 1972; Avaldi et al. 1987; Hawley-Jones et al. 1992; Lubell 1994) whose
structure is known or assumed to be known in order to test our understanding
of the ionisation mechanism. As the momentum transfer approaches zero, the
(e,2e) reaction simulates photo-ionisation, and this kinematic region has been
used to obtain useful information on partial oscillator strengths (e.g. Hamnett
et al. 1976).

The (e,2e) reaction has also been used to investigate final state correlation
effects between the continuum electrons. This has mainly focussed on post collision
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interaction effects (PCI) in the ionisation of inner shells resulting in the emission
of Auger electrons, particularly the ionisation of the 2p shell of argon (Sewell
and Crowe 1982, 1984; Sandner and Volkel 1984; Stefani et al. 1986; Lohmann
1991; Lohmann et al. 1992; Waterhouse et al. 1993; Bell et al. 1993; Kuchiev
and Sheinerman 1994). The reaction has also been used to study the correlations
between resonance and direct ionisation amplitudes in the autoionising region of
helium e.g. Weigold et al. (1975b), Pochat et al. (1982), Kuchiev and Sheinerman
(1989, 1994), Lower and Weigold (1990), McDonald and Crowe (1992, 1993),
McCarthy and Shang (1993), Kheifets (1993), and Samardzic et al. (1994, 1995).

In this communication I discuss briefly a few (e,2e) studies recently carried
out at the Flinders University of South Australia. These include the first high
accuracy EMS study of the satellite structure of the krypton valence shell at
1000 eV and the measurement of correlation effects in the autoionising region of
helium.

2. Theory

The (e, 2e) reaction can be written

eo+A— Af +es+e., (1)

where the subscripts 0, S and e denote the incident, scattered and ejected
electrons respectively. Although the two emitted electrons are indistinguishable,
it is often convenient to call the ‘fast’ outgoing electron the scattered one and
the other the ejected one. Conservation of energy and momentum requires

¢f = Eg— Es — E., (2)

k0=k5+ke—q, (3)

where €y, the separation (or binding) energy of the electron, is equal to the
energy difference between the initial target state A and the final state | f) of
the ion. The recoil momentum of the ion is denoted by —q and in the plane
wave impulse approximation (PWIA), —q is simply the momentum of the struck
(bound) electron (p). The ion recoil energy has been neglected. The momentum
transfer to the target is given by

K=k, —ks. (4)

In noncoplanar and coplanar symmetric (e, 2e) experiments K is maximised by
choosing k. = kg and 0, = 0g, where 6, and 05 are the ejected and scattered
electron scattering angles.

For the EMS experiments I describe in Section 4, the PWIA is generally
used to analyse the measured cross sections. In this approximation, and within
the Born-Oppenheimer approximation, the (e,2e) differential cross section ¢ for
randomly oriented molecules is given by

a:Af/dg/dQ|@@*@¥*|¢f>P, (5)
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where M is a kinematical factor which is essentially constant in the present
experimental arrangement, \II}V ~1 and TN are the many body wavefunctions for
the final ((V —1) electron) ion and initial (N electron) neutral states, [dQ
denotes an integral over all angles (spherical averaging) due to the averaging
over all initial rotational states and [dv an integral over the initial vibrational
states, which is usually well approximated by evaluating wavefunctions at the
equilibrium geometry of the molecule. The momentum space ion—molecule overlap,
(ePT \II}V ~1 ] WN), can be evaluated directly but often the target Hartree—Fock
approximation (THFA) is made in which ¥; is replaced by the Hartree-Fock
ground state ®;. Under the THFA and the equilibrium geometry approximation
equation (5) reduces (McCarthy and Weigold 1991) to

a:M%”/my|@@n% (6)

where ¢;(p) is the momentum space wavefunction for the Hartree-Fock orbital
j from which the electron was ionised. It is thus transparent from equation
(6) why the EMS techmque has the capability for wavefunction mapping. The
spectroscopic factor S; () is the probability of finding the one-hole configuration
j in the expansion of the final ion state, and satisfies the sum rule

S s =1. (7)

f

In Section 5 we describe the results of some of our experiments that investigate
autoionisation phenomena in He. In this discussion we compare the derived
experimental quantities f, a and b with those correspondingly calculated by
Kheifets (1993). It is thus appropriate that we now provide a brief description
of this calculation.

The triple differential cross section near an isolated autoionisation resonance
in the (e,2e) energy spectrum of ejected electrons can be parametrised by the
formula (Shore 1967)

d°c aue# + bﬂ
3 8
dQ dQs dE, =/ +Z ®)

where f, is the non-resonant part of the triple differential cross section

€n = 2(Ee — Eu)/Fu (9)

and where E, and E. are respectively the energies of the rth autoionising
resonance and the energy of the ejected electron, with total angular momentum
and spin quantum numbers denoted by p = (r; L, M, S). The energy full width
at half maximum of the resonance is given by I',,. Here Eu and I, are dictated
by the configuration interaction of the discrete doubly excited states and are well
known (see Table 1) for the states studied (van den Brink et al. 1989), while a,
and b, are the momentum-dependent Shore parameters. These parameters have
the units of a cross section and are assumed to be constant in the energy region
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of the resonance: a, characterises the asymmetry of the resonance profile and
is composed of an interference term between the direct and resonant ionisation
amplitude: b, also contains an interference term and an additional term which
yields the resonant cross section in the absence of any direct ionisation cross
section (Lower and Weigold 1990).

Table 1. Energies (eV) and natural widths (eV) of the four autoionising states considered in
the present work, as well as their corresponding ejected electron energies

The numbers in parentheses for the energies and widths are their one standard deviation

uncertainties
State E, Iy E.
(2sH)1s 57-83(0-04) 0-138(0-015) 33-24
(2s2p)°P 58-31(0-02) 0-008 33.72
(2p®)'D 59-91(0-02) 0-072(0-018) 35-32
(2s2p)'P 60-145 0-038(0-002) 35555

Following Kheifets (1993) we write f. in terms of the singlet (S’ = 0) and
triplet (S’ = 1) ionisation amplitudes,

fr=NY (28" +1)| Ts (ko ke, ks) °, (10)
Sl

where the coefficient N depends on the normalisation and kinematics of the
process under consideration, and S’ is the total spin of the two outgoing electrons.
The parameters a and b in equation (8) can be presented in the form similar to
those of Tweed and Langlois (1986),

N~la =2Re[T&t,(q —1)], (11)

N~=' = 2Im([T§t, (g — 0)]+ | tula —9) 7,

with the coefficient N of equation (10). Here the resonant amplitude t, is the
ionisation amplitude to the open channel in which the resonance occurs. The
Fano profile index ¢ entering equation (11) is given by

s‘

1
2
o= (4r,) " 2. (12)
m

where 7, is the resonance excitation amplitude. Note that in the Kheifets (1993)
calculation the non-resonant ionisation and resonance excitation amplitudes were
calculated in the distorted wave Born approximation (DWBA) scheme.

In order to include the long-range Coloumb interaction in the final state the
amplitude Tss is multiplied by the Gamow factor,

2mn

ei arg F(l—in)’ 13
627'”] -1 ( )

Cme =

where 1 = |k, — ks |~} is the inverse relative momentum of the two outgoing
electrons.
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The parameters a and b contain the complex amplitudes Ts/,t, and 7, and
depend not only on their absolute values but also on their relative phases.
Consequently it makes them extremely sensitive both to the dynamics of the
reaction and the structure of the atomic target being ionised. Thus the
measurement of these parameters offers a rigorous test to the theory of atomic
ionisation by electron impact.

3. Experimental Details

The electron-coincidence spectrometer and the techniques used in the present
EMS investigation of the satellite structure of krypton have been described in
some detail previously by McCarthy and Weigold (1991), and so in the interests
of brevity we do not go into detail here. The only major recent change to the
non-coplanar symmetric coincidence spectrometer has been the inclusion of a
differentially pumped collision chamber. The high purity krypton is admitted into
the target chamber through a capillary tube, the leak rate being controlled by a
variable leak valve. The collision region is surrounded by a chamber pumped by
a 700 £ s~1 diffusion pump. Apertures and slits are cut in the collision chamber
for the incident beam and ejected electrons. The differentially pumped collision
region makes it possible to increase the target gas density by a factor of two
while keeping the background pressure in the spectrometer below 10~% Torr. This
allowed us to operate the electron beam at a lower current (typically 40 uA)
resulting in a better energy resolution. The energy resolution of the present
measurements is 1-25 eV (FWHM), and the angular resolution is 1-2° (FWHM).
Operating conditions were chosen so that the incident energy Ey = 1000 eV +
separation energy, the ejected electrons had energies Es and E, in the range 500
+ 7€V and made angles of 05 = 6, = 45° with respect to the incident electron
beam direction. The out-of-plane azimuthal angle ¢ was chosen to be either
¢ =0° or ¢ =8° in order to vary the recoil momentum as

p = [(2ps cos @ — po)? + 4p% sin? sin? ¢/2] % . (14)

Separation energy spectra were taken at each of the two out-of-plane azimuthal
angles over the range e; =9-42eV using the binning mode (McCarthy and
Weigold 1988).

For the autoionisation studies in helium the apparatus and multiparameter
coincidence techniques used were described in detail previously by Lower and
Weigold (1989, 1990) and so, as above, only a brief description is now presented.
The (e, 2e) coincidence spectrometer consists of two hemispherical analysers which
determine the energy of the scattered and ejected electrons. Each is fitted with a
decelerating and focussing lens system and employs a position sensitive detector
to enable simultaneous measurement over a broad range of electron energies.
Furthermore, each hemispherical analyser had fringe-field correcting rings inserted
between the inner and outer hemispheres and a narrow exit slit between the
analyser exit plane and channel plate detector, to ensure we closely mimicked an
ideal field case. These precautions minimised ( < 1%) the degree of non-linearity
in the energy dispersion of the hemispherical analysers so that no corrections to
the energy scale were required (Lower and Weigold 1990).
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The analysers are each mounted on an independently rotatable turntable,
concentric with the axis of the gas beam and their angular positions can be
adjusted through computer controlled stepping motors. The target beam effuses
though a 15 mm long molybdenum tube of internal diameter 0-7 mm, before
proceeding through a collimating aperture. Positioned behind the interaction
region is the electron gun. The present gun has aperture-type lens elements and
was designed on the basis of the model calculations of Harting and Read (1976).
Significantly, it produced an intense (typically I.,p ~ 14 pA) well collimated
electron beam of well defined energy and momentum. This beam was monitored
and focussed into a small Faraday cup. The intersection between the electron
and helium beams defined the interaction region. The apparatus was configured
for coplanar geometry, meaning the incident electron beam and the scattered
and ejected electrons all share a common plane. In this configuration the two
outgoing electrons leave the collision centre at angles s and 6, with respect to
the incident beam direction. The angle ¢ = ¢ — ¢pg is restricted to a value of
7 (binary collision region), corresponding to the condition where both analysers
are positioned on opposite sides of the incident beam. In the present work the
energy of the incident beam was either 94-6 eV, 96-6 eV or 99-6 eV. One analyser
measured ‘ejected’ electrons over a range of energies between 32 and 37eV, a
region encompassing the (2s2)'S, (2s2p)3P, (2p?)!D and (2s2p)'P resonant states.
‘Scattered’ electrons were collected in the second analyser over a complementary
5 eV range, the position of which was determined by energy conservation. In the
present series of work the scattered electron analyser was fixed at either 05 = 30°
or 20°, respectively, whilst the coincidence ejected electron spectra were measured
over the range —25° to —135° of ejection angles #.. Each measurement involved
repeated scans through the angular range of the ejected electron analyser, to
average over beam and target density fluctuations and long term instrumental
drifts. The integrated count rate from the fixed scattered electron analyser was
used as a preset to determine the dwell-time of each angular position.

The coincidence circuitry and its optimisation are discussed thoroughly by
Lower and Weigold (1989) to which the reader is referred for more detail.

4. Satellite Structure of the Krypton Valence Shell by EMS

In recent times the study of correlation satellites in ionisation spectra of rare
gas atoms has been the subject of renewed interest (Krause et al. 1992). There
are at least three reasons for this:

(1) The advancement of theoretical and computational methods is now giving
reliable results for pole strengths for the most prominent low-energy
satellites (Amusia and Kheifets 1991; Fronzoni et al. 1992).

(2) The experimental development of atomic and molecular physics at
an increasing number of synchrotron radiation centres makes feasible
photoionisation studies of gases at low pressures with synchrotron radiation
of variable photon energy (Svensson et al. 1988).

(3) The measured spectroscopic factors of satellites in EMS valence electron
spectra are independent of the incident energy and the target electron
momentum, but differ from the corresponding photoelectron spectroscopy
(PES) values, which are energy dependent even at high momentum
(McCarthy and Weigold 1991).
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Whereas there have been a large number of EMS and PES measurements and
theoretical calculations for the valence electronic structure of neon, argon and
xenon (see, for example, Samardzic et al. 1993; McCarthy et al. 1989; Braidwood
et al. 1993; Brunger et al. 1994 and references therein), the same cannot be
said for krypton. The earliest EMS studies for evidence of correlation effects in
the separation energy spectra of krypton were made by Weigold et al. (1975a)
and Fuss et al. (1981). Both these studies suffered from the limited statistical
accuracy inherent with single channel coincidence measurements and from energy
resolution AFco, > 2 eV, which effectively ‘smeared out’ the 4s valence satellite
structure. Leung and Brion (1983) also independently measured, in an EMS
experiment, the 4p and 4s satellite structure of krypton, but again this was
a single channel measurement so that the statistical quality of their data was
only fair. We note, however, that they improved the energy resolution of their
work so that AEc, =1-6eV which, whilst being clearly superior to Fuss et
al. (1981), was, in the context of resolving the 4s satellite structure, of only
marginal quality. Indeed Leung and Brion (1983) specifically called for a further
measurement of the krypton inner valence shell, with better energy resolution
and improved statistics, to better define the 4s satellite structures. The results of
just such a study, which have been made possible by employing multiparameter
techniques, are reported here. PES investigations have also found significant
satellite structure for the krypton valence shell. In this regard we note the early
study of Spears et al. (1974) and the more recent, extensive, investigations of
Svensson et al. (1988) and Krause et al. (1992). From a theoretical perspective
Dyall and Larkins (1982a, b) have applied their frozen-core CI model to calculate
the satellite spectra of krypton (amongst others) up to separation energies of
43 eV. More exact calculations for the 4p and 4s satellite states have been
provided by Fronzoni et al. (1992) and Brosolo et al. (1992) who employed a two
hole-one particle (2h-1p) CI calculation scheme.

The binding energy spectrum of krypton in the region ~ 9-42 eV is shown in
Fig. 1 for a total energy of 1000 eV and with the out-of-plane azimuthal angles
¢ =0° and ¢ = 8°. Also shown is the summed spectrum for ¢ =0°+8° At
¢ = 0° the momentum p ranges from 0-159 a.u. at the binding energy of the first
peak (ef =14-11€eV) to 0-184 a.u. for € = 40-47 eV. At 8° the corresponding
momenta are 0-615 and 0-623 a.u. respectively. Note that the first peak in
Fig. 1 is actually a convolution of the J = % and J = % components of the 4p
line. However, as these spin—orbit split states are only separated by 0-67 eV,
the coincident energy resolution of the present experiment did not allow the two
components to be resolved. The spectra in Fig. 1 show satellites not previously
observed in EMS, although all of them have been reported in the extensive PES
studies of Svensson et al. (1988) and Krause et al. (1992).

Considering Fig. 1 in more detail then at ¢ = 0°, i.e. at low momenta, the
4p ground-state cross section is some 48% of that for the main 4s~! transition
(4s'4p®) at 27-52 eV, whereas at ¢ = 8° its cross section is 23 times that of
the 27.52 eV transition. Thus any reasonable 2P satellite intensity in the range
9-42 eV should be noticeable in Fig. 1 by peaks which are somewhat stronger
at ¢ = 8° than at ¢ =0°. To aid in this comparison the relative intensities of
the peaks in Fig. 1, as well as their separation energies, are given in Table 2.
Note that the intensities in this table are relative to the ¢ = 0° (4s'4p®)ds—!
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Fig. 1. The 1000 eV non-coplanar symmetric EMS separation energy spectra for krypton at

(a) ¢ =0° (b) ¢ =8 and (c) ¢ =0° +8°. The curves show the fitted spectra using the
known resolution function.

transition at 27-52 eV which is arbitrarily set to 100. It is apparent that, aside
from the main (4s24p®)4p~' line at e; = 14-11 eV, the only other candidate for
membership of the 2P manifold is peak 3 at €y = 30-25eV. On the other hand,
satellites belonging to the 2S manifold should have a much larger cross section
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at ¢ = 0° compared to that at ¢ = 8°. Peak 2 and peaks 4-11 of Fig. 1 clearly
correspond to this behaviour. Note that the intensities from the high energy PES
results of Svensson et al. (1988) and the low energy data of Krause et al. (1992)
are not included in Table 2. This is due to the fact that there are obviously big
differences in the satellite intensities between these PES data, thus making them
somewhat difficult to interpret.

Table 2. Peak energies and relative intensities of the 1000 eV spectra shown

in Fig. 1
The intensities are relative to a value of 100 for the e; = 27-52 eV transition
at ¢ =0°
Peak er (eV) ¢ =0° ¢ = 8°
1 14-11 48-13 254-10
2 27-52 100-00 49.05
3 30-25 1-15 1-37
4 32-09 10-36 5-61
5 33-98 41-70 18-97
6 34-47 6-15 0-53
7 36-47 18-08 9.05
8 37-81 6-22 2-69
9 38-57 3-18 2-11
10 39-21 5-99 2-11
11 40-47 7-89 2-97

In attempting to assign configurations for the transitions 1-11 of Fig. 1 and
Table 2, we made use of the calculations of Dyall and Larkins (1982a,b) and
Fronzoni et al. (1992), as well as the PES results of Svensson et al. (1988)
and Krause et al. (1992). A summary of our classifications for the final-state
configurations of the 2S and ?P manifolds of Kr that we observed, and the
spectroscopic factors derived from the present EMS spectra, are given in Table 3.
Also shown in this table are the PES results of Svensson et al. (1988) and Krause
et al. (1992), the previous EMS result of Fuss et al. (1981), and the calculated
results of Dyall and Larkins (1982a,b) and Fronzoni et al. (1992) and Brosolo
et al. (1992). Note, as Amusia and Kheifets (1991) found that the PES cross
section was not proportional to the ‘true’ spectroscopic factor we would, a priori,
not expect to find a significant correspondence between the EMS (see equation
6) and PES results for S](.f ),

The first peak in Fig. 1 at ey = 14-11 eV is, as discussed earlier, a convolution
of the J =32 and J =3 4p~! lines with configuration 4s?4p® ?P. The present
EMS separation energy is in good accord with the PES value of Svensson et
al., although we observe that the calculation of Fronzoni et al. underestimates
its correct value. In terms of the spectroscopic factors for this pole we see in
Table 3 that there is quite good agreement between the present result and the
PES result of Svensson et al. the previous EMS result of Fuss et al. (1981)
and the calculation of Dyall and Larkins (1982a,b). Note that the present
values of Sj(f ) at ¢ = 0° and 8° are consistent with one another (a trend found
for all states 1-11) showing the EMS spectroscopic factors are independent of
momentum. The second peak in Fig. 1 is clearly due to the main 4s™! line with
dominant configuration 4s'4p® 2S. Both the PES studies and the present EMS



356 M. J. Brunger

determination of €; = 27-52 eV for this pole are in good accord. This is not the
case, however, for the spectroscopic factors where the PES result of Svensson et
al. and the calculation of Dyall and Larkins clearly overestimate its strength (see
Table 3). On the other hand the 2h-1p calculation of Fronzoni et al. is in much
better accord with the present determination of SJ(-f ) for this pole, whilst the
earlier EMS result is in reasonable agreement, albeit somewhat smaller, with the
present result. Peak 3 at ey = 30-25eV is a very weak satellite which, on the
basis of our result in Table 2, appears non ‘s-like’ in symmetry. Both Svensson
et al. and Krause et al. observed a line at this separation energy which they
classified as having the configuration 4s24p*(*P) 4d 2P. The current EMS result
is certainly consistent with that interpretation and we believe that this is the first
time a satellite of 2P symmetry, other than the main 2P line, has been observed
in an EMS experiment. The pole at €; = 32.09 eV is ‘s-like’ in symmetry and
we have assigned it to be the lowest order member (n = 5) of the Rydberg series
of final ion states with configurations 4s24p* (1S) (5, 6, ...)s 2S. This assignment
is consistent with those of the PES measurements of Svensson et al. and Krause
et al. The present spectroscopic factor for this pole is in good accord with the
earlier EMS determination of Fuss et al., but is somewhat stronger than that
measured by Svensson et al. and calculated by Fronzoni et al. and Dyall and
Larkins.

A very strong satellite (peak 5) is also observed in the separation energy
spectrum at ey = 33-98 eV. This peak possesses s-like symmetry and, again
consistent with the PES classification, we assign it to be the lowest order member
(n = 4) of the Rydberg series of final ion states with configuration 4s24p*(1D)
(4, 5, 6, 7, ...)d 2S. Agreement, in terms of the position of the satellite in the
separation energy spectrum, between PES and the current EMS measurement is
good. Similarly, the present EMS value for the spectroscopic factor is in good
agreement with the earlier work of Fuss et al. and with the 2h—1p result of Fronzoni
et al. The PES determination and the calculation of Dyall and Larkins were
found to somewhat underestimate the strength of this pole. At ef =34-47eV
we find a state (peak 6) of s-like symmetry which we have classified, in good
agreement with that of Krause et al. (1992), as being the n = 6 member of the
series 4524p*(!S) ns 2S. On the other hand this classification is at odds with that
originally proposed by Svensson et al. who mistakenly assigned this satellite with
the configuration 4s24p*(3P) 6p 2P. It is possible that there could be some ‘p-like’
intensity at this value of separation energy, but such a p-component is obviously
very small and consequently obscured by the s-contribution. Peaks 7-11 of Fig. 1
are the n = 5,6,7,8 and > 9 poles of the Rydberg series 4s24p*(1D) nd 2S. This
classification scheme is again consistent with the PES results. Furthermore, for
these satellites we highlight the fairly good level of agreement between the present
EMS result and the calculations of Fronzoni et al. (1992), Dyall and Larkins
(1982a,b) and the PES measurement of Svensson et al. (1988) in most cases.

Finally we note that it is apparent from Table 3 that there are quite a few
satellites observed in the PES spectra that are not identified in the current EMS
measurements. These satellites are of 2P and 2D manifold symmetry and are very
weak in intensity (see Svensson et al. 1988). Consequently they are dominated,
in the EMS experiment, by the 2S satellites in their vicinity and thus are not
seen.
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5. (e,2e) Coincidence Measurements in the Autoionsing Region of Helium

The autoionisation of atoms by electron impact involves in general the interference
between the direct and resonance ionisation amplitudes. This interference depends
on the momenta of the scattered and ejected electrons and on the momentum
transfer. Therefore (e, 2e) cross section measurements in the autoionising region
can provide very sensitive information on details of the excitation process of the
resonance as well as on the interference of the resonance process with direct ionisation.

Fig. 2 provides some examples of the observed coincidence ejected electron
spectra (Samardzic et al. 1995). We see a series of resonance profiles superimposed
upon a background of direct ionisation events. Each individual resonance is fitted,
in a least-squares fit analysis, with the profile ae +b/1 + € (see equations 8 and
9), convolved with the instrumental response, whilst the direct ionisation cross
section f is represented by a linear function in the fit. The final fitted function
is denoted by the solid curve in each diagram. Both of the spectra were obtained
in the binary region with the only difference being 15° in the ejected electron
angle. This is a clear demonstration of how sensitive the cross sections are to
the ejected electron momentum.

1500

¢ Present data
— Fitted function

1000 —

500 —

1500 —

Cross section (arb. units)
o

1000 —

500 -
(b)

0 | | | | |
31 32 33 34 35 36 37

Coincidence electron ejected energy (eV)

Fig. 2. Coincidence ejected electron spectra for He(e,2e)Het Ey = 94-6 eV, Es = 35eV,
E. =35¢eV and 05 = 30° for the ejected electron angles (a) 6. = —25° and (b) 6. = —40°.
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Values for a,,b, and f, deduced from the fitting of the individual coincidence
ejected electron spectra for the (2s%)'S, (2s2p)!P and (2p?)!D resonances, in
general, show quite rapid variations as a function of 6. Fig. 3 shows the results
of the angular dependence in a,,b, and f, for the D state at Ey = 94-6 eV with
Es=35eV, E, =35eV and fg = 30°. Note that the present measurements do
not determine cross sections on an absolute scale (although relative normalisations
between states and angles are maintained) and hence the experimental and
theoretical results required normalisation before comparison with each other. In
this case we have normalised the data so that fi (. = —40°) =1. Also shown
in Fig. 3 is the energy shift, Ae, due to post-collision-interaction (PCI) effects,

A€, = By (e, 2¢) — B, (15)

which we also report as a function of .. It is clear from equation (15) that
Ag¢, can be either positive or negative depending on whether the position of the
resonance in the (e,2e) spectra appears at a higher or lower value of energy with
respect to the corresponding resonance energy in the double differential cross
section spectra. The phenomenon of PCI arises due to the Coulomb interaction
between a number of charged particles in the collision systems final state, with
the Coulomb interaction being thought of as ‘post-collisional’ in the sense that
the reaction occurs in two stages via an intermediate resonance. An excellent
review of PCI can be found in Kuchiev and Sheinerman (1989) and in their more
recent paper (Kuchiev and Sheinerman 1994) and so we do not go into detail
here, except to note that PCI can affect the experimental coincident ejected
electron spectra by one or both of:

(1) a positive or negative shift (A¢) in the apparent position of the resonance
energy;

(2) a broadening of the apparent full width at half maximum I' of the
resonance.

In Fig. 3 the results of the calculation based on the DWBA + exchange model
of Kheifets (1993), as discussed earlier in Section 2 of this paper, are also
plotted. The level of agreement between theory and experiment for the a, and
b, parameters of the !D resonance is seen to be quite good over the measured
angular range, in terms of both the shape and magnitude of the parameters.
Note that the a, and b, parameters show smooth oscillation between positive
and negative values as the ejection angle varies. Positive values of b, correspond
to constructive interference between direct and resonant ionisation amplitudes,
resulting in localised increases in the (e,2e) cross section. Negative values of b,
are related to a decrease in the cross section due to the effect of destructive
interference. For the f-parameter we also show the result of the DWBA + Gamow
calculation and, whilst it is clear that this gives an arguably better description
of the direct ionisation reaction mechanism than does the DWBA + exchange
calculation, the DWBA + exchange result is still seen to be adequate. In the
case of Ae we see that the evidence for PCI effects is not definitive. At most
angles, to within the experimental uncertainty in its determination, Ae is very
close to zero. This is not to say that PCI effects are absent in the excitation of
the 1D state, they are clearly just quite small.
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Fig. 3. Angular dependence for (a) ar, (b) br, (¢) fr
and (d) Ae as a function of ejected electron angle. Here
Eo=94-6eV, Es =35eV, E. = 35eV and 05 = 30°%
D state.

Fig. 4 makes the same sort of comparison, again for the !D resonance, as did
Fig. 3 except that now the kinematical conditions are Ey = 99-6 eV, Es =40V,
E. = 35eV and s = 20° (Brunger et al. 1996). Similar comments to those
above for the data of Fig. 3 are also applicable here. In this case we have shown
these data to simply highlight the fact that the theory can provide an adequate
description of the reaction mechanism over a range of kinematical conditions and
not just for those pertaining to the data of Fig. 3.

Although we have only shown data for the D state, it is generally true that the
results for all three resonances show strong interference effects, both constructive
and destructive, between the direct and resonance amplitudes. The resonance
parameters show even more rapid variation in magnitude as a function of the
ejected electron angles than does the direct cross section. Note that whilst the
peak structures in a, and b, are in some sense correlated with the direction of the
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momentum transfer g, as is that for the direct cross section f., the correlation is
not simple. The calculation of Kheifets (1993) was found to be in fair agreement
with experiment, in its predicted angular dependence for the parameters a..,b,
and f,, for the kinematical conditions of the present series of experiments.

6. Summary

The richness of information that can be obtained by the application of the
(e,2e) technique has been demonstrated by discussing a couple of different types
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of experiments. One example involved the determination of structure information
in a kinematic region where the (e, 2e) collision process is well understood. The
other involved the determination of subtle effects on the collision dynamics.
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