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Abstract 

We apply the Convergent Close-Coupling method to the calculation of elec

tron scattering on the ground state of He + . It is shown that the inclusion 

of the treatment of the continuum, even below the ionization threshold, sig

nificantly reduces the calculated 2S cross section. We generally find good 

agreement with the measurements of the 2S excitation cross section, though 

in the vicinity of a few eV near threshold our results are characteristically 

higher than the experiment. Complete quantitative agreement is obtained 

with the measurement of the total ionization cross section from threshold to 

700 eV. 
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Accurate information on electron-ion scattering phenomena is useful in fields as diverse 

as fusion, laser, and astrophysics (Seaton 1975). Calculation of such processes is only a 

little more complicated than electron scattering on neutral targets. The extra complications 

are due to the requirement for charged target boundary conditions and the infinite set of 

intermediate bound states possible for the electron-positive ion scattering system. 

The formal theory for the calculation of electron scattering on hydrogen-like targets, 

ions or atoms, by the Convergent Close-Coupling (CCC) method has been given by Bray 

(1993). We define hydrogen-like targets to be those which are well described by the frozen-

core Hartree-Fock model. These include the atomic targets H, Li, Na, and K. and any ion 

which has the s.ime isoelectronic sequence as any of these atoms. Once the model for the 

trea f.nent of the target structure has been defined, the method solves the resulting three-

body electron-target (core plus two electrons) scattering system without approximation, 

to an accuracy only limited by the size of the basis expansions of the target. The target 

electron states are expanded in a large Laguerre basis resulting in all of the states, with 

negative and positive energies, being square-integrable. This allows for the application of 

the standard close-coupling techniques without truncation of any states. We increase the 

basis size systematically until convergence to a des reci accuracy, typically a few percent, is 

obtained. The method is equally applicable to all projectile energies and transitions, with 

the low and high energy regions requiring the leas* amount of computational resources. We 

consider it to be a complete scattering theory since a single calculation generates results 

for all included states, yielding, for example, elastic, excitation, ionization and total cross 

sections simultaneously. This allows for the results from a single calculation to be tested 

against a number of different experiments. 

Thus far the method has been applied to the two atomic targets H and Na. Bray and 

Stelbovics (1992a) applied the method to the long standing discrepancies between theory 

and experiment for tiie angular correlation parameters at intermediate energies for electron 

scattering on atomic hydrogen. Unfortunately, the results were much the same as a number 

of previous theories, and so the discrepancy was not resolved. However, the application of 
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the method to the calculation of the total ionization cross section and spin asymmetry fcr 

this system yielded excellent quantitative agreement with experiment (Bray and Stelbovics 

1993«). An even more convincing test of the method was provided by the application to 

the Poet-Temkin (Poet 1978, Tern kin 1962) model problem of e-H scattering, where only 

states with zero orbital angular momentum are treated, and the results are known to a 

very high accuracy. This model problem contains the essential difficulties associated with 

treating exchange and the continuum. Bray and Stelbovics (19926) showed that the CCC 

method yielded correct results, and that pseudoresonances, often associated v ith square-

integrable expansions of the continuum, diminish and disappear with increasing basis size. 

W'e consider this to l,e a most mportant result, and so have providec' an extensive set of 

data for this model problem (Bray and Stelbovics 1993ft). which may be readily used to test 

various approximations. 

The ( '( '( ' method has also been applied to the electron-sodium scattering problem (Bray 

1993). lor this system there exists a multitude of very accurate spin-resolved measurements. 

It turns out that at energies above the ionization threshold the effect of the continuum is 

very large, and that it is only the ( '( ' ( ' method that is able to obtain quantitative agreement 

with all of these measurements in this energy range. 

Due to the difficulties associated in working with ionic targets there are considerably less 

e.ectron scattering data available than for atomic targets. Nevertheless, there are plenty 

of experimental data that still require detailed theoretical analysis. For a review of the 

experimental aspects of electron-ion scattering see Plianeuf (1986). In this paper we turn 

our attention to applying the ( '( '( ' method to calculatinge-IIe +, one of the simplest electron-

ion scattering systems. In particular, we look at the 2S excitation and total ionization cross 

sections of the ground state of He + by electron impact. Just like atomic hydrogen, He + 

is an ideal target for theorists as its wave functions are known exactly. In this case the 

( ' ( ' ( ' method is able to solve the non-relativistic time-independent Schrodinger equation 

describing the three-body interaction without approximation, to an accuracy only limited 

by the computational resources. 
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For this scattering system there are two independent sets of measurements of th» 2S 

excitation cross section (Dance et at 1966, Dolder and Peart 1973) and the total ionization 

cross section (Peart et al 1969, Defrance et al 1981), from threshold to several hundred eV. 

Both sets are in good agreement with each other, but in poor agreement with existing theory. 

The problems with the 2S cross section have been extensively discussed by Seaton (1975). 

Briefly, it is believed that the low-energy R-matrix calculations of Burke and Taylor (1969) 

should give reliable results, as should Born-based approximations applied at high energies. 

Yet normalization of experiment to either set of theoretical results leads to a discrepancy of 

nearly a factor of two at the other end. Furthermore, if normalization to the high energy 

Born results is performed, then the close-coupling based calculations are also considerably 

too high in the intermediate energy range (Aggarwal tt al 1991). However, application of 

these methods, which only treat discrete target eigenstates. is highly suspect at energies 

above the ionization threshold, due to the neglect of the open continuum and higher excited 

channels. In fact Unnikrishnan et al (1991) have shown that the use of even a small set of 

positive energy pseudostates, which approximate the effect of the continuum, in the optical 

potential of their coupled-channel optical (C'('O) model, considerably reduced the theoretical 

"?S cross section. This supported the suitability of the normalization of experiment at the 

very high energit. to the Born approximation since this method yielded good agreement 

with experiment down to 70 eV. At energies lower than this the CCO theory goes higher 

than the experiment. Unfortunately, these ( T O results also yielded a total ionization cross 

section that was around a factor of two too high compared with the measurements of Peart 

et «/ (1969) and Defrance et al (1981). 

The aim of this letter is to to attempt to address these problems. We believe that we are 

able to provide very accurate results for this scattering problem since we are able to treat 

both the discrete and continuum spectrum to convergence. 

In figure 1 we present our results for the 2S excitation of the ground state of He + , and 

compare these with experiment and other calculations. Convergence in this cross section 

to a few percent across the entire energy range above threshold of 40.8 eV is achieved 
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by coupling the thirty six 135, I2p and lid states. However, as we also wish to obtain 

convergence in the total ionization cross section, we find that we require as many as 15s, 

\op. I'M/, 15/ and Ibg states at the higher energies. In other words, the 2S cross section is 

much more rapidly convergent at the higher energies, as a function of the number of states 

used, than is the total ionization cross section. Even though the latter calculations couple 

as many as 75 states they take fewer computational resources than the former, sir.-e at high 

energies the results are dominated by the first order (Coulomb-Born) terms, requiring very 

few quadrature points in the integrand of the coupled equations. We also present results of 

standard close-coupling calculations (riCC) that treat the first n discrete target states only. 

Comparison of these with CCC demonstrates the effect of the continuum, and that of the 

higher excited states included in 15CC, but not in 6CC. 

We sec that t he inclusion of the continuum has a very large effect and improves agreement 

with experiment considerably. We suspect tha» the agreement is not perfect due to the fact 

that the measurements were derived by approximating the cascade contributions, which are 

typically as high as 30% of the observed cross section. Given that an approximation has to 

be made for such a large part of the cross section we find agreement to be satisfactory at the 

energy range considered. Though the improvement on the CC calculations is substantial, it 

is only marginally better than the CC'O results of Unnikrishnan el al (1991). 

We now turn our attention to the near threshold energy region of 40.8 to 50 eV, presented 

in figure 2. Below the n — 3 threshold of 18.1 eV there are no cascade contributions, and 

so we would hope to achieve quantitative agreement with experiment. Unfortunately, we do 

not find this to be the case. Al energies near 50 eV we favour the earlier measurements of 

Dance el al (1966) over the later, and believed to be more accurate, measurements of Dolder 

and Peart (1973). In fact it is clear that our theory is systematically above the latter set of 

measurements, which have the high energy normalization. However, given the finite energy 

\ resolution of the incident beam, and the resonance phenomena in this energy region, it is 

not clear that the earlier measurements are in substantial disagreement with our results. 

We also present our 6CC results, which are in very good agreement with the calculations of 
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Burke and Taylor (1969) and Ormonde et al (1967), to indicate that inclusion of the full set 

of discrete and continuous states does have a significant effect, and results in a systematic 

drop of the cross section. A similar result was found by McCarthy and Shang (1992) for the 

e-H scattering problem. The 6CC results show more structuic only because we performed 

those calculations at a finer energy step of typically 0.02 eV. The CCC results, which use 

the above mentioned thirty six states, had an energy step of typically 0.1 eV. 

Lastly, we look at the results for the total ionization cross section, presented in figure 3. 

Here we find that the CCC results are in excellent quantitative agreement with both sets of 

measurements, and are a considerable improvement on the CCO method of Unnikrishnan 

el a/(1991). The agreement for the total ionization cross section, wh.rh is found by essen

tially summing cross sections of states with positive energies, is just as good as we fourd 

for the e-H scattering problem (Bray and Stelbovics 1993a). This result on its own gives us 

great confidence in the validity of the C'CC method, and suggests that it should be readily 

able to describe (e.2e) differential cross sections. 

In summary, we believe we have presented accurate results for the 2S excitation and 

total ionization cross sections of the ground state of l le + by electron impart, from threshold 

to 700 cV. It is only within a few eV of the 2S threshold that there appears to be evidence 

of significant discrepancy between our theory and experiment. Kun her experimental inves

tigation in this region would be very helpful. Our calculations have produced a great deal 

more data than presented here. In particular, we have the spin-dependent cross sections for 

target states with principle quantum number n < 5. These may be obtained by sending a 

request to igor<<*esm.ph.flinders.edu.au. 
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FIGURES 

FIG. 1. Direct 2S excitation cross section from the ground state of Ile + by elect ron impact above 

50 eV. The calculations of Unnikrishnan ft al (1991) are denoted by I'CO. The measurements of 

Dolder and Peart (1973) and those of Danre ft al (1966) are denoted by DP and DHS, respectively. 

See text for the description of the close-coupling calculations. 
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FK;. 2. Direct 2S excitation cross section from the ground state of He+ by electron impact 

between I0.X anil 50 eV. The measurements of Dolder and Peart (1973) and those of Dance et al 

(1!M>6) are denoted by DP and DHS, respectively. See text for the description of the close-coupling 

calculations. 
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FIG. 3. Total ionization cross section of the ground state of He + by electron impact. The 

calculations of Unnikrishnan et al (1991) are denoted by FCO. The measurements of Peart el al 

(1969) and those of Defrance tt al (19*1) are denoteti by PVVI) and DBCVY. respectively. The 

Convergent Close-Coupling results are denoted by CCC. Note that standard clme-coupling methods 

that u?e only discrete states yield identically zero for this cross section. 
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