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Netherlands 

Received 9 September 1985 

Abstract. We present optical excitation functions of singly excited helium states, measured 
by detecting the yield of emitted photons as a function of the incident electron energy 
from 56 to 66 eV. Many structures are observed, which are caused by negative-ion reson- 
ances and by the decay of autoionising states followed by post-collision interaction. Some 
of the structures are interpreted as being caused by hitherto unknown shape resonances 
lying very close to the thresholds of a particular class of autoionising states. As these shape 
resonances almost exclusively decay to their respective parent (autoionising) states, thereby 
considerably enhancing the threshold excitation cross sections of these states, they can 
only be observed via the PCI effect on the excitation functions of (higher lying) singly 
excited states. Using the recently introduced supermultiplet classification for doubly excited 
states a selection rule for the near-threshold excitation of doubly excited states by electron 
impact is deduced from the measurements. Only states with large probabilities in the 
Wannier region of configuration space (where the two electrons are at nearly equal distances 
and on opposite sides of the nucleus) are strongly excited. It is pointed out that these 
states are precisely the states that can support the above mentioned shape resonances at 
their thresholds. 

1. Introduction 

During the last two decades much attention has been paid to the study of resonances 
in inelastic electron-helium scattering. On the incident energy scale two regions are 
of particular interest. The first region from 19-25 eV covers the thresholds of singly 
excited helium states. The electron impact excitation of singly excited states in this 
energy range has been studied experimentally by detecting metastable helium atoms 
(Buckman et al 1983), inelastically scattered electrons (Andrick 1979, Phillips and 
Wong 1981 and references therein) and emitted photons (e.g. Heideman et al 1976, 
Heddle 1977). All these measurements showed numerous doubly excited He- reson- 
ances which significantly affect the inelastic excitation cross sections. The resonances 
have also been studied theoretically (e.g. Nesbet 1978, Watanabe 1982, Freitas et al 
1984). Two classes of resonances are distinguished (Nesbet 1978, Freitas et a2 1984): 
one class in which both excited electrons are in a highly correlated state, the other 
class formed by an electron very weakly bound in the polarisation potential of a singly 
excited state. The experiment of Buckman et al (1983) showed that the resonances 
occur in distinct groups; the energies of the lowest members of each group could be 
fitted to a modified Rydberg formula that takes into account the two-electron correla- 
tions in the doubly excited resonances (Read 1983). 

The second region in electron-helium scattering from 57-66 eV covers the thresholds 
of doubly excited states. The two-electron correlations which play a primary role in 
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these states became apparent for the first time in the measurements of Madden and 
Codling (1963) and have since then been the subject of numerous studies (Fano 1983, 
Lin 1984 and references therein). Contrary to the singly excited states the doubly 
excited states decay to the ground state of the He+ ion by ejecting an electron. Doubly 
excited states of a particular class, the so-called parity unfavoured states such as 
H ~ * * ( ~ P * ) ~ P ,  are stable against autoionisation due to conservation of parity; these 
states decay by photoemission. The study of the near-threshold excitation of autoion- 
king states is complicated by the so-called post-collision interaction (PCI), first reported 
by Hicks et a2 (1974). This effect causes an energy exchange between the scattered 
and the ejebted electron (the ejected electron gains energy at the cost of the slow 
scattered electron), which increases with decreasing energy of the scattered electron. 
At incident energies close enough to the thresholds of autoionising states this energy 
exchange may result in the capture of the scattered electron into a singly excited state 
of the neutral atom (Heideman et al 1974, Smith et al 1974), thereby causing structures 
on the excitation curves of these states. As a result the excitation of autoionising states 
close to their thresholds can much better be studied via the excitation of singly excited 
states than via the detection of ejected (autoionisation) electrons. Further, since PCI 

most prominently affects the higher lying ( n  > 3) singly excited states, which cannot 
be separated when the inelastically scattered electrons are observed, the near-threshold 
excitation of autoionising states is most conveniently studied by our technique of 
detecting the photons emitted by the singly excited states following their excitation 
(see e.g. Heideman 1980). 

Analogous to the threshold excitation of singly excited states in the 19-25 eV range 
we expect that negative ion resonances significantly affect the excitation cross sections 
of autoionising states in the 57-66 eV region. The question arises whether also in this 
region modified Rydberg series of resonances exist. The importance of resonances in 
the excitation of autoionising states of helium was already suggested by Nesbet (1976). 
In this paper we present optical excitation functions measured with a higher energy 
resolution of the incident electron beam as compared with previous experiments (van 
Ittersum et al 1976, Heideman 1980). A summary and overview of the results was 
given previously (van der Burgt and Heideman 1985). 

2. Mechanisms for indirect excitation of singly excited states 
Before attempting an analysis of the structures seen in the excitation functions we 
shall first focus our attention on the various mechanisms for indirect excitation of 
singly excited helium states in the 57-66 eV region. These mechanisms involve negative 
ion resonances and the post-collision interaction following the excitation of autoionis- 
ing states. In the excitation of a helium atom by an electron three reaction mechanisms 
may result in a singly excited state and a free electron: 

e+He-+He- He*+eej (i) 

-1 h” 

5. h’ 

e + He - Her* + esc 
(ii) 

1 ---*;,+eej (iii) 

1 1 * 
e + He -+ He- * He** + esc 

1 HeC+eej 
Ei E -  E**IP E* E, (energies). 
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Structures due to these mechanisms are observed on an interfering background due 
to direct excitation of the singly excited state involved: 

e + H e  He*+eej (iv) 
i h’ 

2.1. Negative ion resonance 

According to the first reaction mechanism (i) a negative ion resonance decays directly 
to a singly excited state and a Beutler-Fano resonance profile is observed in the optical 
excitation functions in a narrow range around a fixed position Ei = E-. The resonant 
state decays when one of the electrons makes a transition to the 1s orbital and another 
electron is ejected. This reaction mechanism is mainly responsible for decay of 
resonances of the intrashell type where all three electrons in the He- state are in the 
n = 2 shell. 

2.2. Autoionisation and post-collision interaction 

Autoionising states decay by electron ejection and can only be observed in excitation 
functions when the scattered electron loses so much energy during PCI that it is 
captured into a singly excited state. This is illustrated in figure 1. In the absence of 
PCI, at incident energies much higher than the energy of the autoionising state, a 
Beutler-Fano resonance profile is observed at the position E, = E** - ZP in the yield 
of ejected electrons due to interference with the direct ionisation of helium (that is, 
when the ejected electron yield is measured as a function of the ejected electron energy 
at a fixed value of the incident electron energy). During the post-collision interaction 
energy is exchanged between both electrons: E,,< Ei- E** and E,> E** -ZP. 

EX* 
Incident electron energy (eV1 

Figure 1. Energy distribution of ejected electrons after the post-collision interaction. The 
straight lines at constant energy loss E, = E,  - E ,  correspond to the capture of the scattered 
electron into a singly excited state of the helium atom. It is assumed that PCI excitation 
of n = 2 states is not possible. 
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Observation of PCI in ejected electron spectra is complicated by interference with the 
direct ionisation background (see Baxter et a1 1979a, van der Burgt et al 1985a). Due 
to interference an oscillatory PCI profile is observed rather than a PCI broadened peak. 

Capture of the scattered electron into a singly excited state with energy E* takes 
place when the energy exchange results in E,, < 0 and E,  = E, - E* > E, - IP. This is 
illustrated in figure 1 where singly excited states appear as straight sloping lines 
Eej = E, - E * above the ionisation threshold E, = E, - IP. When the incident energy 
is lowered towards the threshold of the autoionising state the probability for excitation 
of lower n states becomes larger because the residual energy Ei - E** of the scattered 
electron before PCI is smaller, and consequently the average exchange of energy during 
PCI is larger. In addition, because there must be a maximum of the energy exchanged 
during PCI, no PCI excitation is possible of singly excited states which lie too far below 
the ionisation threshold. Again interference between PCI excitation and direct excitation 
of singly excited states determines the appearance of structures in the excitation 
functions. The phase of the PCI amplitude varies strongly with the excess energy above 
the threshold of the autoionising states, and thus with the incident electron energy, 
but also with the principal quantum number n of the singly excited states (see 9 4). 
As a result the PCI structures appear as asymmetrical oscillatory profiles which seem 
to shift to higher energies with the increase of the principal quantum number n. This 
energy shift distinguishes PCI structures due to mechanism (ii) from resonance structures 
due to mechanism (i). 

2.3. Excitation of an autoionising state via a negative ion resonance 

The third mechanism (iii) for excitation of singly excited states is related to the second 
and involves excitation of an autoionising state via a negative ion resonance. 

Uptil now only two negative ion resonances in the 57-66eV region have been 
identified unambiguously in the measurements. They are the He-(2s22p)*P resonance 
at 57.22 eV and the He-(2s2p2j2D resonance at 58.30 eV. These resonances are of the 
intrashell type, formed by three electrons in the n = 2 shell at approximately equal 
distances from the nucleus. Fano and Cooper (1965) suggest that the relevant configur- 
ations of He- have all three electrons in the n = 2 shell. Only four resonances of this 
type are accessible, with configurations He-(2s22p)’P, He-(2s2pZ)’D, He-(2~2p’)~S 
and H ~ - ( ~ P ~ ) ~ P .  

Nesbet (1978) and Freitas et a1 (1984) have proposed that in the region of the 
singly excited n = 3 thresholds two classes of resonances exist. Resonances of the first 
class are formed by two excited electrons in the n = 3 shell moving in a highly correlated 
state, analogous to the intrashell doubly excited states of H- and He. Resonances of 
the second class are closely associated with a single threshold, and are presumably 
formed by an electron at a large distance, very weakly bound in the polarisation 
potential of the parent state. These intershell type resonances almost exclusively decay 
to their parent states. It appears that the polarisation potential is not always strong 
enough to bind a third electron so that instead a virtual state may occur (Nesbet 1978). 
In a previous paper (van der Burgt and Heideman 1985) we have used the terminology 
of Nesbet (1978), who refers to the two classes of resonances as valence shell and 
non-valence resonances, respectively. 

In analogy with the resonances near the n = 3 thresholds it may well be that intershell 
resonances or virtual states exist also near the thresholds of the doubly excited states. 
These resonances, in which one electron at a relatively large distance is weakly bound 
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in the polarisation potential of a doubly excited state, are expected to occur close to 
the thresholds of the doubly excited states. As the intershell resonances are expected 
to decay almost exclusively to their parent autoionising states, these resonances will 
probably give rise to observable structures only in the higher n singly excited states 
via the post-collision interaction (mechanism (iii)). They will not occur in the excitation 
cross sections of the n = 2 singly excited states, which are not, or very weakly, excited 
via the PCI mechanism. On the other hand the He-(2s22p)'P and He-(2s2p2)'D 
intrashell resonances are expected to decay mainly to the lower n singly excited states 
directly (mechanism (i)) and hence to occur predominantly in the excitation cross 
sections of the n = 2 singly excited states (see figure 9 and Roy et a1 1978b). The 
He-( 2 ~ 2 p ~ ) ~ D  resonance also enhances the excitation cross section of the He**( 2s2)'S 
autoionising state at 0.48 eV above its threshold (see van der Burgt et a1 1985a). Thus 
it is to be expected that the pattern of resonance structures in the excitation of the low 
lying ( n  = 2) states differs appreciably from that in the excitation of the higher lying 
states, the former being exclusively caused by the intrashell resonances, the latter also 
by the intershell resonances via the PCI mechanism. 

2.4. Classijlcation of autoionising states 

The existence of an intershell resonance near an autoionisation threshold is obviously 
related to the polarisability? of the autoionising state and thus to the correlated state 
of the two electrons in the doubly excited atom. In order to gain some insight in such 
a relationship it is sensible to use a classification scheme for doubly excited states that 
is based upon the analysis of electron correlations. Very recently such a classification 
scheme was proposed by Lin (1983, 1984). This classification scheme is unique for all 
states of a two-electron atom and is based upon the study of two-electron correlations 
in hyperspherical coordinates (Lin 1974, Fano 1983) and the supermultiplet 
classification of intrashell doubly excited states (Herrick and Kellman 1980, Herrick 
et a1 1980). The quantum numbers ( K ,  T ) A  are introduced where K and T (Sinanoglu 
and Herrick 1975) replace the orbital angular momentum quantum numbers I ,  and l2  
of both electrons and are used to describe the angular correlations between the two 
electrons. The quantum number A is introduced (Lin 1984) to distinguish different 
types of radial correlations. The classification is denoted as 

where n is the principal quantum number of the outer electron and N that of the inner 
electron: N thus indicates the He' dissociation limit if n +CO. States with identical 
( K ,  T)A,  A = f 1, but different L, S and T (orbital angular momentum, spin and parity, 
respectively) have isomorphic correlation patterns (Lin 1984) and exhibit a multiplet 
structure which may be interpreted in terms of a collective rotational and bending 
vibrational motion, analogous to the rovibrational motion of linear triatomic molecules 
(Kellman and Herrick 1980). We have given the classification of Lin (1984) in table 
1 for a number of 7~ = (-l)L states of He**. 

t We use the word polarisation in a general sense, indicating the perturbed motion of the atomic electrons 
in the presence of a near scattered electron, contrary to the more explicit indication of a - l / r 4  potential, 
often used. 
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Table 1. A number of autoionising states of He in the N = 2 channels. Only doubly excited 
states of parity T = (-l)L, which can decay by autoionisation, are included in the table. 
Above 63 eV the table is incomplete. 

(NI ,  n 1 y 3 ~  n ( K  T)A,'*3L" Energy (eV) Width (eV) 

He**(2s2)'S 
(2s2p)3P 
(2p')'D 
(2s2p)'P 
(2PZ)'S 

(2S3SSS 
(23sp-)'P 
(2s3s)'S 
(23sp+)3P 
( 2 ~ 3 p ) ' D  

(2s4s)'S 
(24sp+)3P 
( 2 ~ 4 p ) ' D  

57.82" 0.138" 

59.90" 0.072" 
60.130b 0.03gb 
62.06" 

62.62' 
62.75gb 
62.94a 0.041" 
63.07' 
63.50" 

64.18" 
64.23" 
64.39a 

58.30" O.OOad 

a Hicks and Comer (1975), Madden and Codling (1965), Lipsky et a/ (1977) (calculated 
value), Cederquist et a1 (1983). 

3. Experiment 

3.1. Detection of photons 

The apparatus used for the present study consists of a conventional electron mono- 
chromator combined with a photon detection system. Electrons emitted by a tungsten 
filament are focused on the entrance of a hemispherical energy selector by cylindrical 
electrostatic lenses. After passing the energy selector, which is operated at a resolution 
of about 110 meV, the beam is directed into the interaction chamber containing the 
helium gas at a pressure of 0.02 Torr. The analyser part of the spectrometer, used in 
other experiments for the detection of scattered electrons, is set at 0" and is used as a 
Faraday cup for the incident electron beam. For this purpose the first two diaphragms 
of 0.6 and 1.5 mm diameter, respectively, in the analyser part were replaced by 3 mm 
diameter ones. 

In order to detect photons emitted in a large solid angle the interaction chamber 
was equipped with a gold coated spherical mirror at the bottom and an optical fibre 
at the top. The complete optical set up of the apparatus is sketched in figure 2.  

The spherical mirror has a radius such that a section of 5 mm length of the incident 
beam is focused with a magnification factor equal to 2 on the front side of the optical 
fibre which has a diameter of 10 mm. Thus photons emitted within a cone with a top 
angle of about 115" are reflected into the optical fibre. Photons may also enter the 
fibre directly, but this is only a small fraction compared with the number of photons 
reflected by the mirror. Photons of the required wavelength are detected using an 
interference filter and a photomultiplier. For photons divergent from normal incidence 
the central wavelength ho transmitted by an interference filter shifts to a lower 
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Photomultiplier ,~,,", j 
I * I  

I , \ ,  
/ #  I /  Viewport , I  \ l  I I 

Interference Lens f i l ter  gj 
8 ,  

I '  
Lens 

Viewport 

Optical f ibre 

In teract ion chamber 

Electron beam 0 

Mirror  c? 

Icm 

Figure 2. Experimental set-up for the detection of photons 

wavelength A, according to the formula 

A, = Ao[ 1 - ( n t /  n') sin2 a]'/' 

where a is the angle of incidence of the photon and n and ne are the indices of 
refraction of the filter and the external medium (air), respectively. Therefore two glass 
lenses are installed, one before and one behind the interference filter, to reduce the 
maximum angle of incidence to 14". In four cases (396.5 nm, 416.9 nm, 443.8 nm, 
447.2nm) adjacent transitions are so close that this angle has to be reduced even 
further by enlarging the distance between the fibre exit and the photomultiplier and 
by using lenses with a greater focal length. When measuring uv transitions (294.5 nm, 
318.8nm) the glass lenses and viewport are replaced by fused silica ones. The 
EM1 9863 QB/350 photomultiplier used is sensitive for wavelengths in the 200-700 nm 
range with a maximum near 400 nm. A somewhat different set-up for the detection of 
photons which includes a mirror is used by Leisin et al (1985). 

The pulses from the photomultiplier are stored and accumulated in a multichannel 
analyser, the advance address of which is swept synchronously with the incident 
electron energy. The multichannel analyser is connected to a data storage and com- 
munication system (de Raaf 1983) facilitating transport of the multichannel data to a 
PDP 11/70 computer for further off-line analysis. The present experimental equipment 
has several advantages compared with the equipment used previously at our laboratory 
(see van Ittersum et al 1976): the energy resolution of the incident beam is about 
110 meV (250 meV previously), photons emitted in a large solid angle are detected and 
the interference filters have a high transmission compared with a monochromator. As 
the central wavelength of an interference filter shifts with angle of incidence, filters 
can be used only for transitions which lie not too close to neighbouring transitions. 
Therefore in practice only n = 3, 4 and 5 (and occasionally 6) excitation functions can 
be measured, with the exclusion of the 4'S-2lP (504.8 nm) transition which lies close 
to the very strong 3lP-2lS (501.6 nm) transition, and the 53D-23P (402.6 nm) transition 
which almost coincides with the 7lS-2lP (402.4 nm) transition. The electron spec- 
trometer could have been operated at a resolution better than 110 meV, were it not 
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that the beam current would then become too small to reach acceptable statistics. In 
the present situation measuring times were typically one to three days per spectrum, 
in two cases even five days. 

3.2. Experimental results 

We have measured seven series of excitation functions, presented in figures 3-9. Figures 
3-8 show the optical excitation functions of the higher lying ( n  2 3 )  states, 

c C + 
C 
I C 

Y C 

T - 
E 
> 

n-3 n=4 
m m  

' I l ~ l I O ' i l  1 1 1  i m i  8 '  

5 58 60 62 6 i  6 6  
Inc ident  e lect ron energy lev) 

Figure 3. The excitation of the n'S states of helium 
as a function of the incident electron energy. Sub- 
sequent groups of ' S e ,  'P and 'De autoionising states 
give rise to groups of PCI profiles in the excitation 
functions. We have indicated the thresholds of the 
autoionising states in the first three groups with the 
principal quantum number n = 2,3  and 4 of the outer 
electron. 

: 2  

I ]  1 
~ ' : ' ; I I ' l !  ~ I ' I I I  I ~ 

5 6  58 60 62 64  6 6  
Inc iden t  e l e c t r o n  energy i e V )  

Figure 4. The excitation of the n3S states of helium 
as a function of the incident electron energy. Note 
the shifting PC! structure around 60 eV. The narrow 
peak observed at 59.90 eV shows a very strong thresh- 
old excitation of the He**(2pZ)'D autoionising state 
caused by the presence of a negative ion resonance. 
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'A C 

0 .c 
+ 

a 
L 0 

9 

>. 
- 

I " '  1 1 '  

5 58 60 62 64 6 
I n c i d e n t  e l e c t r o n  e n e r g y  i e V i  

' I l l  1 I , I I  1 ' 1  

Figure 5. The excitation of the n'P states of helium as a function of the incident electron 
energy. The curved background is due to the very high direct excitation of the n'P states. 

whereas figure 9 shows the differential excitation functions at 10" scattering angle of 
the 2's and 23S states. The spectra in figure 9 were measured by detection of scattered 
electrons, the electron spectrometer being operated in the constant energy loss mode 
(see van der Burgt et al 1985a). As anticipated at the end of § 2.3 the pattern of the 
resonance structures is much richer in the excitation of the n 2 3 states than in the 
excitation of the n = 2 states. A more detailed discussion of these results will be given 
in § 5. 

The measurements were performed at a gas pressure of 0.02 Torr. This pressure is 
too high for absolute excitation cross section measurements as imprisonment of 
resonance radiation and collisional transfer of excitation energy (Massey and Burhop 
1969) may have some effect. We assume that these secondary processes have no 
disturbing effect on the PCI and resonance structures in the optical excitation functions. 
At a pressure of 0.02 Torr the mean free path length of the electrons is still much larger 
than the diameter of the gas cell. 

The structures are influenced by cascading from higher lying states. Cascading is 
discussed to some extent by Defrance (1980). In estimating contributions due to 
cascading we have used cross sections measured by van Raan et a1 (1974), Scott and 
McDowell (1975, 1976) and lifetimes measured by Bukow et al (1977). Non-available 
cross sections may be estimated using the n-3 scaling rule (Massey and Burhop 1969). 
We have found that only in the 3P spectra, figure 6, are there are significant cascade 
contributions to the observed structures. In the 33P spectrum approximately 50% of 
the structure at 60.0 eV is due to cascading fro'n the 43S level and 25% of the structure 
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I n z 2  I 

~ ~ p - 2 ~  s 

56  58  60 62 64 66 
Inc ident  e l e c t r o n  energy ieV1 

1 I 
/ ' I 1  1 ' 1 '  I I  ~ ' i l l  I i ' l ' l  

56 5 0  60 62  6 4  66 
Inc ident  e lec t ron  energy ( e V )  

Figure 6. The excitation of the n3P states of helium 
as a function of the incident electron energy. The 
broad and deep dip observed around 59 eV is caused 
by the superposition of PCI profiles due to the 
He**(2s2)'S and H e * * ( 2 ~ 2 p ) ~ P  autoionising states. 
The peak at 60 eV in the 33P excitation function is 
caused by cascading from the n 3 S  levels. 

Figure 7. The excitation of the n'D states of helium 
as a function of the incident electron energy. The 
narrow peak observed at 58.30 eV in the 4'D excita- 
tion function shows a very strong threshold excita- 
tion of the He**(2~2p)~P autoionising state caused 
by the presence of a negative ion resonance: compare 
with figure 5. The 60 eV structures are interpreted 
as PCI structures: compare with the calculated 
profiles in figure 11 ( c ) .  

at 58.3 eV is due to cascading from the 43D level. In the 43P spectrum 10% of the 
structure at 60.0 eV is due to cascading from the 53S level. 

Incident energy scales were calibrated against the position of the He-(2s22p)*P 
resonance at 57.22eV which lies below the thresholds of all autoionising states. As 
the range across which the incident energy is swept amounts to lOeV, the incident 
energy scale may have shifted by some tens of meV above 63 eV, due to a change in 
space charge in the beam. From most of the spectra a linear sloping background was 
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n:2 
l& '3p0 1\0e 

n=3 n.4 I rnr r  

-c - 
56 50 60 62 6 4  66 

Inc iden t  e lec t ron  energy (eV1 

Figure 8. The excitation of the n3D states of helium 
as a function of the incident electron energy. The 
heights of the peaks at 58.30 eV are about 30% of 
the direct excitation cross section. 

-lTTTTT 
50 60 62 

Inc ident  electron energy (eVI 

Figure 9. Yield of scattered electrons from the 2's 
and Z3S states of helium. These measurements were 
performed in the constant energy loss mode of the 
electron spectrometer (see van de Burgt 1985a). 

subtracted. The curved background in some of the spectra is due to a variation of the 
cross section for direct excitation of the singly excited state or due to a small variation 
of the incident beam current as a function of the incident electron energy. 

4. A model for post-collision interaction 

In addition to the discussion in § 2.2 a more detailed study of the post-collision 
interaction is fruitful for the general understanding of the PCI profiles observed in the 
excitation functions. A quantum mechanical model for PCI for the case that the scattered 
electron is captured into a singly excited state was formulated by Nienhuis and 
Heideman (1976) and applied to some practical cases by van de Water et a1 (1981). 
This model is based on a formal separation of PCI from the initial excitation and 
subsequent decay of the autoionising state. Similar to the resonance theory of Feshbach 
(1962) a standard optical potential technique is applied, which allows a separation of 
the transition amplitude into two parts, T = T,+ Toptr T, describing the direct excitation 
of singly excited states, and To,, containing the effect of autoionising states on the 
excitation process. The transition amplitude becomes (Nienhuis and Heideman 1976, 
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equation (3.10)) : 

(4.1) 

where 10) denotes the ground state of the helium atom, la) a doubly excited autoionising 
state, I f )  the final singly excited state, and lk)  a free electron state of momentum k. 
The indices a and p indicate the ejected and scattered electron respectively. The 
projection operator P projects on the subspace of states with at least one electron in 
a 1s orbital, the complementary operator Q = I - P projects on the subspace containing 
the doubly excited states. 

We assume that the decay of the autoionising state is not influenced by the scattered 
electron by replacing PHQ in (4.1) by PH& where H = H p  + V, and Hp is the free 
electron Hamiltonian for electron p. Thus any polarising effect on the autoionising 
state by the nearness of the scattered electron is ignored in the model. We now 
introduce the Coulomb interaction Vep = Ir, - r p J 1  by separating the total Hamiltonian 
as H = Ifmp + VOp. The scattering state I k e f P - )  can then be expressed in terms of the 
asymptotic scattering state 1 k , f )  and powers of the interaction potential Vap. The first 
matrix element of (4. I), describing decay of the autoionising state and subsequent PCI 

becomes (van de Water et a1 1981, equation (2.14)): 

( k e f P - -  j PHQ 1 kpa O-) 

= (fl k p ) ( [ k , l W p Q l a )  

x ([%-I I kp)(rkL-lI~HpQla) dkk, dq3 (4.2) 

where I[ k&-][ kk-1) and I[ k J f )  are eigenstates of PHopP, and I[ k J )  is a scattering state 
of momentum k, in which electron a only interacts with the ionic core and not with 
electron p. The first term on the right-hand side of (4.2) contains the amplitude for 
decay of the autoionising state: 

([ k,l I PHp Q I a ) = (r,( kO I /  2 ko 1 Y Z (  i, 1 (4.3) 

and the overlap integral between initial and final state of the scattered electron: 

Expansion of (4.4) into partial waves results in a radial integral equivalent to the shake 
down model (King et a1 1975). The second term in (4.2) explicitly contains the 
interaction Vap between both electrons and includes angular momentum exchange 
during PCI. 

The partial wave expansion given by van de Water et a1 (1981) of both terms in 
(4.2) also incorporates the excitation matrix element (kpa Q-I QHPIk,OP+). This matrix 
element can be written as the product of an angle dependent part and a T matrix 
element T(kplp, aL, t k,1,, 0). 

The present calculations were done for the case of PCI via the He""(2p')'D 
autoionising state and with similar approximations to those applied by van de Water 
et a1 (1981). The experimental position E** = 59.90 eV and width r = 0.072 eV of the 
He**(2p2)'D autoionising state are used in the calculations. The energy variation of 
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the excitation of the autoionising state, for instance due to resonances, is not taken 
into account. This amounts to the assumption that the excitation amplitude 
T (  k&, aL, t kiZi, 0) is a step function at Ei = E** with constant absolute value and 
phase. Because of the considerable computing time needed, the calculations are 
restricted to a situation where only one partial wave contributes to the excitation of 
the autoionising state, i.e. immediately after the excitation of the autoionising state 
the scattered electron is assumed to recede with l,,=O. As a consequence in our 
calculations P and D singly excited states are only excited via angular momentum 
exchange during PCI. Based on the work of Lipsky and Conneely (1976) the amplitude 
for decay of the autoionising state, (r,( ke) /2k , )*” ,  is approximated by a step function 
at k, = 1 au (see van de Water et a1 1981). 

Figures 10( a )  and ( b )  show the phase and absolute value squared, respectively, ofl 
the PCI amplitude To,, for excitation of 3S, 4 s  and 5 s  singly excited states as a function 
of the residual energy of the scattered electron immediately after the excitation of the 
autoionising state. Thus in the absence of interference with the direct excitation of 
singly excited states the PCI structures would have the appearance of the curves in 
figure 10(b). As expected the PCI amplitude is largest between 0 and 1 eV above the 
threshold of the autoionising state and rapidly decreases above 1 eV. The range over 
which the PCI phase varies increases with the principal quantum number n, so more 
complicated interference structures are to be expected in the excitation of states with 
increasing n. Clearly the apparent shift of PCI structures in excitation functions with 
increasing n is a pure quantum mechanical effect, as there is hardly any shift in the 
maximum of the PCI amplitude in figure 10(b). Rather the greater and more rapid 
increase of the PCI phase in figure 9( a )  gives rise to the changing PCI profiles observed 
in states with increasing n. Figure 1O(c) shows the absolute value (or strength, as 
defined by van de Water et a1 1981, equation ( 5 . 5 ) )  of the PCI amplitude for excitation 
of 4S, 4P and 4D singly excited states. Clearly the probability for angular momentum 

3 n  

2 n  

TI 

0 

-l-T-r 
0 1 2 3 4  

Residual energy l e i / )  
1 1 2 3 4  

Residual energy k V 1  
0 1 2 3 4  

Residual energy i e V )  

Figure 10. ( a )  Phase of the PCI amplitude related to the He**(2pZ)’D state for excitation 
of n =3,  4, 5 and L=O singly excited states. ( b )  Absolute value squared of the PCI 

amplitude for excitation of n = 3, 4, 5 and L = 0 singly excited states. For all curves the 
same vertical scale is used. ( c )  Abiolute value of the PCI amplitude for n = 4 and L = 0, 
1, 2 singly excited states. Vertical scales are the same, taking into account that the L = 0 
curve is reduced by a factor of 6 .  Clearly the probability for angular momentum exchange 
during PCI is small in this case. 
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exchange during PCI is rather small, but increases somewhat at higher residual energies. 
Van de Water et a1 (1981) have calculated probabilities for angular momentum exchange 
in other cases and conclude that angular momentum exchange may be more important 
in situations where the scattered electrons recede anisotropically, with l,, # 0, after 
having excited the autoionising state. Experimental evidence for angular momentum 
exchange during PCI was given by van der Burgt et al (1985a) for a situation where 
the scattered electron initially recedes with I,, = 2. 

We have fitted the calculated PCI amplitudes to the measurements by using only 
one adjustable parameter (see also Morgenstern et a1 1977). It has been argued by 
Read and Comer (1980) that the successful fitting of PCI profiles might partly be due 
to the large number of variable parameters in the fitting formula. Moreover in our 
calculations, and also in the previous models for PCI, the excitation of the autoionising 
state is not taken into account. In view of these considerations we have only used the 
phase of the direct excitation background as a variable parameter in the fits. The 
interfering part of the direct excitation background was arbitrarily assumed to be much 
greater than the PCI amplitude. Figures l l (a ) ,  ( b )  and (c) show the results of the 
one-parameter fits. The values 0 . 8 ~ ,  0 . 3 ~  and 1 . 6 ~  of the background phase were 
chosen such that a close resemblance between the 5S,  5P and 5D calculated spectra 
and the 5'S, 53P and 5'D measured spectra was achieved. Thereupon the n = 3 and 
n = 4 spectra were calculated, using the same values for the background phase. Thus 
we assume the background phase to be approximately independent of the principal 
quantum number n for each series of spectra. This seems a legal approximation as 
the energy of the inelastically scattered electrons is much higher than the energy 
difference between the singly excited states of different principal quantum number. A 
close resemblance with the measurements is observed except for the 33P spectrum 
where cascading from higher 3S levels is significant (0 3.2). Comparison with the 'D 
series is somewhat hampered by the curved background present in the measured 
spectra. The narrow peak in the calculations just above the threshold of the autoionising 
state is less clear in the measurements, maybe due to insufficient resolution of the 
incident electron beam and to the fact that we have approximated the excitation of 
the autoionising state by a step function. 

We have not been able to find an acceptable fit of the PCI structure at 59.90 eV in 
the 43S excitation function. A value of 0 . 9 ~  of the background phase results in a good 
fit of the higher part of the PCI structure, above 60.5 eV, but the lower part of the fitted 
profile then shows a peak shifted over 0.2 eV and reduced to half the height as compared 
with the peak observed in the measurement. This supports the suggestion of Heideman 
(1980) that the threshold cross section for excitation of the He**(2p2)'D autoionising 
state is enhanced by a resonance. 

Despite the qualitative nature of the calculations some conclusions can be drawn. 
The structures observed above 59.90 eV in the 3's and 3'D excitation functions may 
at first sight be considered to be caused by the presence of broad negative ion resonances, 
which decay directly to the singly excited states. The close resemblance with the 
calculated PCI profiles for 3s and 3D suggests that these structures are rather caused 
by PCI via the He**(2p2)'D autoionising state. In the other n = 3 excitation functions 
broad structures are also observed, most notably in the 33P excitation function above 
57.82 eV. Here two narrow Beutler-Fano resonance profiles are observed superimposed 
on a broad dip, the latter likely being caused by PCI via the He**(2s2)'S and 
He**(2~2p)~P autoionising states. Superimposed PCI profiles due to these states occur 
clearly in the 43P and 53P excitation functions. An important aspect of the post-collision 
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Figure 11. ( a )  Calculated profiles of PCI structures related to the He**(2p2)'D autoionising 
state in the n = 3, 4, 5 and L=O excitation functions. The interfering part of the back- 
ground-indicated by a broken line-was arbitrarily chosen much greater than the PCI 
amplitude. The phase of the background was chosen such that a close resemblance with 
the n'S excitation functions was obtained. ( b )  Calculated PCI profiles in the n = 3, 4, 5 
and L= 1 excitation functions. Compare with the n3P excitation functions in figure 6 .  (c )  
Calculated PCI profiles in the n = 3, 4, 5 and L = 2 excitation functions. Compare with the 
n 'D excitation functions in figure 7. 

interaction is the large energy range over which PCI excitation of singly excited states 
is possible. The calculations show still significant PCI excitation up to 4 eV above the 
threshold of the He**(2p2)'D autoionising state. This is also observed in the measure- 
ments. See for instance the ' S  spectra: both the measurements and the calculations 
show a broad maximum in the PCI profile at 62eV. Also the PCI profiles in the 3D 
excitation functions exhibit a maximum near 62 eV. Another important aspect is the 
interference of the PCI excitation with the direct excitation background. The PCI 

structures above 59.90 eV in the 'S excitation functions look very different from the 
structures in the 'D excitation functions. However, an overall change of the background 
phase of T, approximately, would result in 'D structures similar to the ' S  structures. 
In comparing PCI structures in different excitation functions, one is tempted to look 
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at the positions of peaks and dips in the profiles. Clearly interference means that great 
care needs to be exercised in such a comparison. It is of interest to consider the validity 
of the shake down model by comparing the first term of Topt, which is equivalent to 
the shake down model, with the second, higher order term. In the present calculations 
both terms contribute to the excitation of S singly excited states, while P and D 
excitation is completely contained in the higher order term, so we can only compare 
both models with respect to S excitation. We have found that not the shapes but only 
the sizes of the curves in figure 10(a) and ( b )  change significantly, when the higher 
order term is omitted in the calculations. Removing the higher order term results in 
a reduction of the PCI amplitude of about 50% and a small overall decrease of the 
PCI phase of about 0 .1~ .  We conclude that the shake down model gives a good 
qualitative description of the PCI for the case of S excitation. 

5. Interpretation of the results 

Prior to a systematic discussion of the excitation functions it is important to consider 
the question whether two overlapping PCI profiles can interfere. This is a relevant 
question in view of the large widths of the PCI profiles. When measuring optical 
excitation functions we detect the emitted photons after capture of the scattered electron 
into a singly excited state, but we do not obtain any information on the direction of 
the ejected electrons. This means that in our experiment we integrate over the angle 
coordinates 6 and cp of the ejected electrons. The total excitation cross section may 
then be written as 

U = [ [  (IB12+~A+aei"+beiP12)sin 6 d 6 d p  

where a eim and b e'@ refer to the contributions from the two autoionising states, 
respectively, and A and B to the interfering and non-interfering parts, respectively, of 
the direct excitation. Expanding the dependences of A, a ei" and b eip on B and cp in 
spherical harmonics Y;" immediately shows that all interference terms except those 
with the same I and m for A, a ei" and e'@ vanish due to orthogonality of the spherical 
harmonics. 

In the case of helium the angular momentum 1 of the ejected electron is equal to 
the orbital angular momentum of the autoionising state, as the ground state of the 
He+ ion has zero orbital angular momentum. It follows that in the absence of angular 
momentum exchange during PCI autoionising states with different angular momenta 
are not expected to interfere in the optical excitation functions. 

5.1. A selection rule f o r  threshold excitation of autoionising states 

In 9 4 it was tacitly assumed that above 59.90 eV only the He**(2p2)'D state contributes 
significantly to the PCI profiles in the excitation functions and that the He**(2s2p)'P 
state is not or only very weakly excited. As the oscillations of an arbitrary PCI profile 
are sharp near threshold and become broader with increasing incident energy, the 
presence of the He**(2s2p)'P state would be recognised easily by a sharp structure at 
60.13 eV, superimposed on the PCI profile of the He**(2p2)'D state. Weak indications 
for superimposed PCI profiles are seen in the 5lS, 6 's  and 4'P excitation functions 
only. The He**(2s2p)'P state is clearly absent at 60.13 eV in the 3S excitation functions. 
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The structures around 60eV in the 3P, 'D and 3D excitation functions clearly have 
their onset at 59.90 eV and there is no indication for a superposition of structures. We 
conclude that the He""(2s2p)'P autoionising state is not or only very weakly excited 
near its threshold. 

Also the He**(2p2)'S and He""(2~3s)~S autoionising states at 62.06 and 62.62 eV, 
respectively, are very weakly or not at all observed in our measurements. Above 62.7 eV 
the rapidly increasing number of autoionising states cannot be resolved in our experi- 
ment. Moreover the incident energy scale, which was calibrated on the H e - ( 2 ~ ~ 2 p ) ~ P  
resonance at 57.22 eV, may have shifted by some tens of meV near 63 eV. We note 
however, that the He**(23sp-)'P autoionising state is not observed in the ejected 
electron spectra of Hicks and Comer (1975) which were measured with a resolution 
of about 40 meV. We therefore attribute the structures observed around 63 eV in the 
43P and 53P excitation functions to the He""(2s3s)'S and He**(23~p+)~P states at 
62.94 and 63.07 eV. The structure having its onset near 63.50 eV clearly is to be ascribed 
to the He**(2p3p)'D state. 

Comparing the autoionising states observed in our excitation functions with the 
supermultiplet classification scheme of Lin (1984) in table 1, it is easily seen that only 
states with quantum numbers ( K ,  T)A = (1,0)+ are significantly present in the excitation 
functions. As the ground state of helium is classified as ,(O, 0): ' S e  we find a selection 
rule 

A K = 1  A T = O  and AA=O 

for the near threshwld excitation of autoionising states in e-He scattering. This selection 
rule is related to near threshold electron impact excitation of autoionising states. At 
higher incident electron energies a much weaker selection rule AA = 0 holds. This can 
be verified by looking at the autoionising states observed in the ejected electron spectra 
of Hicks and Comer (1975). 

Table 1 shows that the states with ( K ,  T)A = ( l , O ) +  occur in distinct groups contain- 
ing ' S e ,  3P0 and IDe states. The states of each group form a rotor series (Lin 1984), 
and may be interpreted, in terms of the collective rovibrational model of Kellman and 
Herrick (1980), as different rotational modes of a particular vibrational mode with the 
correlation quantum numbers (l,O)+. The group between 57.82 and 62 eV is the lowest 
vibrational member of the (1,0)+ mode. Apparently the other vibrational modes, 
( - - l , O ) + ,  (0,1)+ and ( I ,  0)- which lie in the energy range covered, are not, or very 
weakly, excited in our experiment. Based on the selection rule we conclude that the 
autoionising states observed in the excitation functions occur in distinct groups, each 
group being labelled by the quantum numbers n (  1,O)i. The appearance of the n = 2,  
3 and 4 groups can be seen most clearly in the 5'S, 6'S, 43P and 53P excitation functions. 
This is in complete analogy with the measurements of Buckman et a1 (1983), where 
distinct groups of resonances appear in the cross section for electron impact excitation 
of metastable helium atoms. 

5.2. Shape resonances close to the thresholds of the autoionising states 

By measuring the strength of the 59.90 eV structure in the 3 S  excitation functions 
Heideman (1980) suggested a resonance like behaviour of the threshold excitation 
cross section of the He**(2p2)'D autoionising state. Recently van der Burgt 
et a1 (1985b) have found experimental evidence for the presence of a negative ion 
resonance at 59.90 eV in ejected electron spectra. The effect of this resonance can be 
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seen by comparing the 59.90eV structures in the 3S excitation functions in figure 4 
with the structures in the 3P excitation functions in figure 6. In the 3P excitation 
functions interference structures are observed which have their onset (not their peaks) 
at 59.90 eV (note the small dip at 59.90 eV in the 53P excitation function), and which 
show a small shift to higher energies with the increase of the principal quantum number. 
These structures could well be fitted with our PCI model, see 0 4. 

'The structure observed above 59.90 eV in the 43S and 53S excitation functions is 
exceptional, not only because of the height of the peak but even more because of the 
position of the peak precisely at the threshold of the He**(2p2)'D autoionising state. 
This structure is not due to direct decay of a resonance to the 3S singly excited states 
as only a very weak structure at the same energy is observed in the 33S excitation 
function. Post-collision interaction is involved, as the profile extends to 62 eV and 
exhibits a small shift to higher energies with the increase of the principal quantum 
number, but we could not find an acceptable fit to the PCI model of 9 4. Therefore we 
attribute the structure in the 3S excitation functions to a He- shape resonance which 
strongly enhances the excitation cross section of the He**(2p2)'D autoionising state 
in a narrow range just above its threshold. Based on the estimated width of the 
resonance (van der Burgt er a1 1985b) this range is of the order of 500 meV. 

As the resonance is observed only in the 3S (and maybe also ' S )  excitation functions 
it occurs apparently only in the I,, = 0 partial wave of the scattered electron, assuming 
that no angular momentum exchange occurs during PCI. Therefore the resonance is 
probably a 'D state and can not be one of the higher lying He-(2s2p2)'S or H ~ - ( ~ P ~ ) ~ P  
intrashell resonances. We assume that this resonance is of the intershell type discussed 
in § 2.3. Using the notation of Nesbet (1978) the (approximate) configuration of the 
resonance would then be H ~ - ( ~ P ' S ) ~ D ,  i.e. an s electron weakly bound in the polarisa- 
tion potential of the He**(2p2)'D autoionising state. 

The experiments show that the ' S e  and 3P0 members of the 2(1, 0): rotor series are 
also excited strongly near their thresholds by shape resonances. The 4'D excitation 
function exhibits a structure at 58.30 eV of similar appearance to the 59.90 eV structure 
in the 43S excitation function. Also in the 3'P excitation function such a structure 
occurs at 58.30 eV. These structures are clearly related to excitation and decay of the 
He**(2~2p)~P autoionising state followed by the post-collision interaction, as the 
structures extend over 2 eV (at least) and shift to higher energies in the 5'D and 4'P 
excitation functions, respectively. The narrow peak seen at the threshold of the 
He**(2~2p)~P state indicates a high threshold excitation cross section which we also 
attribute to the presence of a shape resonance. The sharp rise in the excitation cross 
section of the He**(2~2p)~P autoionising state was already reported by Spence (1975) 
and also Roy et a1 (1978b) found some evidence for the presence of a resonance in 
the He**(2~2p)~P excitation cross section. The question arises of whether the shape 
resonance at the He**(2~2p)~P threshold is the H e - ( 2 ~ 2 p ~ ) ~ D  intrashell resonance, or 
both an intrashell and an intershell resonance occur near to 58.30 eV. A more detailed 
discussion on this matter will be given in § 6. 

The strong peaks observed near 57.8 eV in the 43P and 53P excitation functions 
show that also the He**(2s2)'S autoionising state is excited strongly at its threshold, 
probably due to an intershell resonance of the configuration H e - ( 2 ~ ~ p ) ~ P .  It may be 
argued that such a configuration with one electron outside a closed-shell core can not 
be stable. However, such a reasoning relies on the independent-electron model for 
the classification of atomic states. When electron-electron correlations are accounted 
for, two ' S  states are found with both electrons in the n = 2  shell, one with a large 
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probability to find the two electrons at opposite sides and equal distances from the 
nucleus and another where the two electrons occupy a much larger domain of configur- 
ation space (see figure 6 of Lin 1982). The former is expected to have a fairly large 
polarisability, so that a potential well may be formed deep enough to bind a third 
electron. 

Roy et al (1978a) studied the PCI excitation by observing the inelastically scattered 
electrons. In the n = 4 differential excitation curves they observed structures of a similar 
appearance to our structures described above. The presence of intershell resonances 
in the lowest rotor series raises the question whether also intershell resonances exist 
near the thresholds of autoionising states in the higher rotor series. As autoionising 
states within the same ( I ,  0): 2S+1L" channel are characterised by similar correlated 
motion of the two electrons, we expect that intershell resonances related to higher 
parent states within the same channel have the same configuration and therefore appear 
in the same excitation function. It has already been noted (at the end of § 5.1) that 
autoionising states in higher ( n  3 3) rotor series of the n(l, 0)22s+'L" channel are also 
strongly excited near their thresholds, indicating the presence of resonances near their 
thresholds. Clear evidence for this is seen in the 43P excitation function. At 62.94 eV 
a narrow peak is observed at the threshold of the He**(2s3s)'S autoionising state 
probably due to a resonance of the configuration He-(2~3sj'j)~P. Baxter et a1 (1979b) 
also report the presence of a resonance at this energy. Other examples are less clear 
due to insufficient resolution of the incident electron beam. In the 4'D excitation 
function a weak asymmetric structure is present at 63 eV (the peak at the 3P0 threshold 
is barely resolved) similar to the asymmetric structure above the 3P0 threshold at 
58.30 eV. In the 53S excitation function a narrow peak is observed just above the 'De 
threshold at 63.50eV, similar to the peak just above the 'De threshold at 59.90eV. 
Finally we note that in the 2's and 23S excitation curves only the H e - ( 2 ~ ~ 2 p ) ~ P  and 
He-(2s2p2)'D intrashell resonances are prominently present. In the 23S curve a small 
structure is seen that could possibly be due to PCI via the He**(2p2)'D state. This is 
in accordance with our expectation expressed at the end of § 2.3. 

5.3. The polarisability of doubly excited states 

We have pointed already to a relationship between the polarisability of a doubly 
excited state and the presence of an intershell resonance close to its threshold. To see 
which states have a large polarisability and which states have not, it is helpful to look 
at the surface density plots of Lin (1982). The polarisation of a doubly excited state 
may be visualised by a decrease of amplitude around the Wannier point a =  
tan-'( r 2 / r l )  = v/4 and 812 = cos-'( i, - i2) = T and an increase of amplitude towards 
smaller OI2. Therefore we expect that those doubly excited states which have a small 
amplitude outside the Wannier region have the highest polarisability. 

We consider the various channels to which the autoionising states in table 1 belong. 
In figure 6 of Lin (1982) plots of the surface charge distribution for the p = 2A and 
p = 2B channels of H-('S") are shown. The surface charge distributions for He('S") 
have a similar appearance. The p = 2A and p = 2B channels correspond to the 
p = (1,O):'S" and p = (-1,O):'S" channels of Lin (1984), respectively. Doubly excited 
states that have identical ( K ,  T)A quantum numbers are isomorphic (Lin 1984), so the 
(1,O): 'Se, (1, O):'Po and (1,O): 'De channels have similar correlation patterns. A 
surface charge distribution plot of the (0,l):'F'" channel of helium is seen in figure 6 
of Le Doumeuf and Watanabe (1984). 
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It is seen that the (1,O): surface charge distribution has a large amplitude in and 
a very small one outside the Wannier region and thus meets the above posed require- 
ments for a high polarisability; indeed these states occur very prominently in our 
measured excitation functions. On the other hand the (-1,O): and (0, 1); surface 
charge distributions are more spread out over the whole (a, eI2) plane and doubly 
excited states with (-1,O); and (0,l): quantum numbers therefore are only weakly 
polarisable. Accordingly these states do not support intershell resonances near their 
threshold and are not, or weakly, observed in the excitation functions. 

This also explains why the selection rule AK = 1, AT = 0, mentioned earlier, applies 
only close to the thresholds of the autoionising states. The additional part of the 
selection rule: AA = 0 holds more generally for electron impact excitation of doubly 
excited states. In a classical picture A = +1 means that both electrons orbit in opposite 
senses around the nucleus (Lin 1984). To excite A = -1 states from the He,(O, O):'Se 
ground state one of the electrons has to change its sense of rotation. This is much 
harder than exciting an A = +1 state in which both electrons keep their original opposite 
sense of rotation (Lin 1984). 

The above explanation of the selection rule and the occurrence of resonances in 
terms of surface charge distributions is of course of a qualitative nature. We hope that 
more theoretical work will be done in the near future along the lines of three-electron 
correlations (see Clark and Green 1980, Watanabe et a1 1982). 

6. Discussion 

In the previous sections we have made a distinction between two classes of resonances 
in the autoionisation region, mainly based on their different decay modes. Resonances 
of the intrashell type-like the He-(2s22p)'P resonance at 57.22 eV-were found to 
decay directly to the singly excited states, and to occur most prominently in the cross 
sections of the lower n singly excited states (in particular n =2).  Resonances of the 
intershell type-like the shape resonances at the 57.82 and 59.90 eV autoionisation 
thresholds-were found to enhance the threshold excitation cross sections of their 
parent autoionising states strongly. These resonances are observed in the cross sections 
of the larger n singly excited states via the post-collision interaction. The approximate 
configurations of these intershell resonances could be found because they appear only 
prominently in excitation functions of singly excited states of a particular orbital 
angular momentum. 

This empirical distinction between two classes of resonances is also seen in the 
polarisation measurements of Defrance (1980). It is seen in his measurements that 
only the intrashell resonances give rise to clear structures in the polarisation of helium 
lines in the autoionisation region. As the intershell resonances decay via PCI mainly 
to singly excited states of a particular angular momentum, these resonances will 
probably not be observed in a summation of cross sections of singly excited states of 
various angular momenta, as in the trapped electron experiments of Spence (1980). 
Analysis of structures at 58.30 eV in the excitation functions is very complicated. In 
the first place structures at 58.30eV may arise through a superposition of the PCI 

profiles of the He**(2s2)'S and He**(2~2p)~P autoionising states. Secondly structures 
around 58.30eV may be affected by resonances via various mechanisms. (i) The 
presence of a shape resonance is indicated by structures in both the 4lD and 3'P 
excitation functions, similar to the 59.90 eV structure in the 43S excitation function. 
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(ii) The He-( 2 ~ 2 p ~ ) ~ D  intrashell resonance gives rise to a Beutler-Fano resonance 
profile at 58.30 eV in the excitation of the n = 2 states (figure 9). (iii) The excitation 
cross section of the He**(2s2)'S autoionising state is enhanced by a negative ion 
resonance (presumably the H e - ( 2 ~ 2 p ~ ) ~ D  intrashell resonance) at 0.48 eV above its 
threshold. Via PCI this may give rise to additional structure at 58.30 eV. 

Based on these points one gets the impression that both an intrashell and an 
intershell resonance occur close to 58.30 eV. This impression is supported by a com- 
parison of the 'D and 3D excitation functions. The 58.30eV structure in the 4'D 
excitation function is clearly part of a PCI profile which extends to 60 eV and which 
exhibits a shift towards higher energy in the 5lD excitation function. We think that 
the double peak in the 5lD excitation function is just a PCI effect, because the PCI phase 
(as a function of incident energy) features a greater increase for PCI excitation of singly 
excited states of higher n (see figure lO(a)). The narrow peak at the He**(2~2p)~P 
threshold shows a high threshold excitation which we attribute to the presence of an 
intershell resonance. The 58.30eV structures in the 3D excitation functions have a 
very different appearance. PCI profiles extending to 60 eV are present, but are much 
smaller than the prominent peaks at 58.30eV. As the He- (2~?2p)~P  resonance also 
occurs strongly in the 'D excitation functions, we think that the 58.30 eV peaks in the 
D excitation functions are for the larger part due to direct decay of an intrashell 
resonance. 

Theoretical work is not conclusive on this matter. Several theoretical calculations 
support the existence of a 2D Feshbach resonance just below the He**(2~2p)~P 
threshold. However, according to Chung (1980) a resonance can not be formed, 
because the ( 2 ~ 2 p ) ~ P  core appeared to be repulsive to a third p electron when a 
Feshbach resonance was searched for variationally. 

A model for post-collision interaction in which resonances play a dominant role 
was put forward by Nesbet (1976). He suggested that the electron impact excitation 
of autoionising states of helium mainly takes place via negative ion resonances. 
Assuming angular momentum exchange during PCI to be negligible, this model leads 
to L-selective excitation of singly excited states via mechanism (iii). Nesbet (1976) 
only considered the four intrashell resonances discussed by Fano and Cooper (1965) 
and calculated the positions of the upper two He-(2s2p2)'S and H ~ - ( ~ P ~ ) ~ P  resonances 
to be at 59.5 and 60.6 eV. The widths were estimated to be 0.4 and 1.0 eV. We do not 
find evidence for resonances at these positions in the excitation functions. 

3 

7. Conclusion 

We have studied excitation of singly excited helium states by detection of the yield of 
emitted photons as a function of the incident electron energy in the 56 to 66 eV region. 
A wealth of hitherto unknown structures is observed caused by resonances and by PCI 

via autoionising states. 
It is found that only autoionising states, belonging to a class of states with a large 

probability to find both electrons in the Wannier region of configuration space, are 
strongly excited. As a consequence the excitation functions exhibit a Rydberg series 
of structures formed by the PCI profiles of the subsequent groups of autoionising states. 

Some of the PCI profiles show prominent peaks at the thresholds of the autoionising 
states belonging to this class. These structures are explained by the presence of shape 
resonances which strongly enhance the excitation cross sections of the autoionising 
states in a narrow range just above their thresholds. As the shape resonances mainly 
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decay to their parent autoionising states they are not observed in the cross sections of 
the n = 2  singly excited states, which are not affected by the PCI mechanism. 

We have sought for an explanation of these features by pointing out that the above 
mentioned class of autoionising states is expected to have a high polarisability. As a 
result these states may be able to support a shape resonance (or virtual state) formed 
by an electron very weakly bound in the polarisation potential of the doubly excited 
core. In accordance with the measurements such shape resonances are expected to 
occur only very close to the thresholds of the parent autoionising states. 

An optical potential model for post-collision interaction is used to calculate some 
of the PCI profiles. Although in this model the influence of the scattered electron on 
the autoionising state is ignored, the model is capable of reproducing the shapes of 
the PCI profiles fairly well. We find that the PCI profiles extend to about 4 eV above 
the thresholds of the autoionising states, and that the PCI energy shift is a pure 
interference effect, caused by the change with energy of the phase of the PCI matrix 
element with the principal quantum number of the PCI excited singly excited state. 
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