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ABSTRACT 

The cross section ratio for the symmetric (e,2e) reaction on 

helium leading to the n = 2 and ground states of the helium ion has 

been calculated as a function of the ion recoil momentum q, using 

a correlated helium wave function, and compared with the results 

of a 1200eV noncoplanar experiment and some previous results at 

800eV. The calculation agrees well with the measured (e,2e) 

cross section ratios and at high q with ratios measured in photo-

electron spectroscopy experiments. 
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There have been several photoionization experiments which have 

measured the fraction of residual Ke ions which are left in the 

excited n = 2 states relative to the number left in the ground state. 

The motivation for these experiments (Carlson 1967; Samson 1969; 

Carlson, Krause and Moddeman 1971; and Krause ani Wuilleumier 1972) 

rests to a large extent on the fact that helium is the simplest atomic 

system for which "satellite" lines could be observed in photoelectron 

spectroscopy. It is therefore necessary to have a thorough under

standing of the helium ion spectrum before any quantitative interpre

tation can be made of the ion spectra for more complicated targets. 

The observed n = 2 to n = 1 photoionization cross section ratio;; 

decrease from a valuf of 0.09 near threshold (Samson 1969) to a value 

of 0.05 z .008 at photon energies of 1487eV (Carlson, Krause and 

Moddeman, 1971). 

The analysis of relative intensities of "satellite" lines in 

photoelectron spectroscopy is usually done with a model based on 

the sudden approximation (Fano and Cooper 1968, Aberg 1970, Manne 

and Aberg 1970). This approximation assumes that the photoelectron 

is removed so "suddenly" that the other electrons have no time to 

adjust to the chang* of potential. Since this is a high energy 

approximation it is usual to assume that the photoelectron can be 

described as a plane wave. This is often a poor assumption except 

at extremely high energies since the electron is ejected from a 

region very close to the nucleus (Pratt et al. 1973). 

For the (e,2e) reaction on helium, on the other hand, the plane 

wave approximation describes the electron momentum distribution very 

well over the range of energies from 200eV to 1200eV (Hood et al. 

1973, McCarthy and Weigold 1976), since the interaction region is 
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weighted at the surface. The basic (e,2e) approximation is the 

factorized distorted-wave off-shell impulse approximation, which has 

been derived and justified by McCarthy and Weigold (1976). The 

distorted waves may be represented to a good -.pproxination by plane 

waves with the wave number modified to describe the average real and 

imaginary potentials felt by the continuum electrons. The modifica

tion is small for helium. 

The basic approximation for photoionization is, for the 

transition probability to the final ion state jf) from the target 

ground state |g>, 

p « l<x (" )(a)|t 1 |(f |g>| 2 , (i) 

where x (£) is the wave function of the ejected electron and t is 

the one electron transition moment. 

The corresponding approximation for (e,2e) is 

P - |<kMt M(p 2)|k>| 2|< X
(" : )(k A)x (" )Ck B)i(fig>x ( + )(k 0)>| 2 , 

(2) 

where the first factor is the appropriate half-off-shell Mott scattering 

t-matrix element, the incident and two final electron momenta are 

respectively k , k., k g. 

The (e,2e) experiment is performed in two ways, both symmetric 

in the final energies and polar angles 8. In coplanar geometry the 

three electrons are coplanar and the recoil momentum £ is varied by 

changing 6. In noncoplanar geometry, 6 =42.3 , <(>A s IT and $ is 

varied. In both cases 

q a k - k. - k_ . 3- -o -A -B (3) 
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For both reactions it is usual to make the independent-particle 

approximation (e.g. Hartree-Fock) for |g>, so that 

(f|g> = * c(f|gR) • (4) 

4» is the characteristic orbital and the overlap cf |f) with the 
remainder |gR) of the target wave function gives the spectroscopic 
factor 

S' c (f|g R)| • (5) 

Since different final states in the same representation of the 
point group of the ion all contain 4» , all such states are excited with 

(fl relative probability S^ - These factors are subject to the sum rule 

£ f s c
f ) = 1 • W 

They should be the same for both reactions and independent of q. 
In the Hartree-Fock approximation excitation of ion s eigenstates 

other than Is can occur since atom and ion s states are not orthogonal. 
The ratio of production for different states will be independent of 
q (ignoring differences due to different separation energies). 
However, the cross section ratio for exciting n = 2 and n = 1 states 
is observed to be strongly dependent on q. This can only be explained 
if there are giound state correlations, expressed as a sum over con
figurations containing f. The ground state wave function is written 

|g> = I. i>. |g3
R) (7) 

and the target-ion overlap (f|g> becomes 

(f|g> = E f , * f , ( f | g | p , (8) 



where the orbitals f all belong to the same representation as f. 

From equations (1) and (2) with plane waves the ratio of the 

cross section for exciting the final state f to *hat for the ion 

ground state 0 is 

s,.lEf,»f.(q)(fl4)r 
ZB„|Zfl,4>f.,(q)(0|g|j,,)|: 

(9) 

where ^(q) is the Fourier-Bessel transform cf the radial orbital and 

the incoherent sums are over the projection quantum numbers of the 

representation f. This ratio is correct for (e,2e) in the 

approximation (2). For photoionization it depends on the slow 

variation of t. and is only approximate. 

The main difference between the two reactions is that very high 

values of q (~ 10a,u.) are measured in photoionization and very low 

values (~ la.u.) are measured in (e,2e). 

McCarthy, Ugbabe, Weigold and Teubner (1974) in a coplanar 

symmetric experiment at a total energy E (= E.+ E_) of 800eV, observed 

the excitation of the He n - 2 and n = 1 states as a function of the 

angle 9. These (e,2e) ratios were found to be much smaller than the 

PES values, increasing from a value of 0.0072 ± .0004 at 6 = 45° to 

0.0154 ± .003 at 8 = 53 . These results are in strong disagreement 

with the Hartree-Fock value of approximately 0.02 (McCarthy et al. 1974), 

but they are in excellent agreement with the values obtained using the 

correlated wave function of Joachain and Vanderpoorten (1970). This wave 

function gives the same overlap function with the ground state of He 

as does the Hartree-Fock wave function of Froese-Fischer (1972). 

However, the overlap with the n = 2 ion states is very dependent 

on whether a Hartree-Fock or CI wave function is used. Figure 1 shows 
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the calculated ratios of coplanar 800eV (e,2e) cross sections for 

excitation of the n = 2 stat<- relative to the n = 1 state, using the 

CI wave function of Joachain and Vanderpoorten, plotted as a function 

of q. The ratio rises from a value of approximately 0.008 at low q 

(i.e. in the outer regions of the atom) to a value of the order of 

0.07 at q * 3a.j. (relatively close to the nucleus) before decreasing 

slowly at very high q to an asymptotic valuj of the order of 0.05. 

The SOOeV coplanar symmetric (e,2e) data of McCarthy et al. 

(1974"*, shown in figure 1 by the filled circles, are in agreement with 

the calculated ratios vithin experimental error. We have also 

measured this ratio in a 1200eV noncoplanar symmetric experiment. 

These dwta points, which are shown by the filled triangles, are also 

in good agreement with the calculated ratios. The (e,2e) data quite 

clearly show the large increase in the cross section ratio as q 

increases beyond la.u. 

Also included in the figure are several ratios measured in 

photoionization experiments. They agree rather well with the 

calculated ratios. This is surprising in view of the plane wave 

approximation which is clearly very rough nepr the nucleus, but it 

agrees with the fact that ratios for excitation of correlated ion 

states are given qualitatively by the plane wave theory (Banna and 

Shirley 197S). 

This qualitative agreement for photoionization must not be taken too 

seriously in view of the large differences in spectroscopic factors 

(5) found for different forms (position, velocity, acceleration) of the 

operator t. for the saise reaction (Pind/.ola and Kelly 197S) and of 

large differences from the same quantities determined by (e,2e), 

where detailed fits to q distributions are obtained anl the sum rule 

(6) is satisfied (McCarthy and Weigold, 1976). 
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In the region q = 0.3 - 0.5a.u. we find that the ratio of cross 

sections leading to the n = 3 states to that leading to the n = 2 states 

is 0.25 ± 0.10, and the ratio for threshold double ionization (e 2 80eV) 

to that leading to the n = 2 states is 0.4 ± 0.3. The former ratio 

can be compared with the corresponding high q photoelectron spectroscopy 

ratio of 0.28 ± 0.20 (q * 10a.u.) obtained by Carlson et al. (1971). 

We are grateful to C. McCarthy for running the computer programme. 

The work was supported by the Australian Research Grants Committee. 
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FIGURE CAPTION 

Figure 1 The ratio of the differential cross sections for 

ionization of He leading to the n = 2 (2s • 2p) and 

to the ground state of He plotted as a function of 

the ion recoil momentum q. The filled circles are 

the 800eV coplanar (e,2e) results of McCarthy et al. 

(1974); the filled triangles are the present 1200eV 

noncoplanar (e,2e) results, and the open symbols are 

photoionization results: open circles (Krause and 

Wuiileumier 1972), open triangles (Carlson 1967), and 

squares (Carlson, Krause and Moddeman (1971). The 

curve is the calculated 800eV coplanar (e,2e) ratio 

using the correlated helium wave function of Joachain 

and Vanderpoorten (1970). The dotted arrow indicates 

the asymptotic photoelectron result of Jacobs and 

Burke (1972). 
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