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I. INTRODUCTION 

In order to thoroughly test any general electron-atom scattering theory it is neces
sary to have an extensive set of reliable measurements of various observables at many 
energies and angles. From the theoretical point of view two aspects of the scattering 
theory require testing. First we must be able to describe the structure of the atom, 
together with the complete set of excited target states, in the absence of the projec
tile. Secondly we must be able to take ii.to account the dynamics of the interaction 
when the projectile is incident upon the atom. One of the more difficult aspects of the 
dynamical interaction is the proper treatment of the exchange between the projectile 
electron and the atomic electrons. Another problem involves incorporating the effect 
of the infinite set of discrete target excited states as well as the target continuum 
upon the scattering of interest. 

Rather than testing the descriptions of the structure and the dynamics simultane
ously, a;i electron-atom scattering theory may first be applied to the hydrogen atom. 
This system is ideal for the theorist as the atomic structure is simple and is known an
alytically. A great deal of theoretical attention has been applied to electron-hydrogen 
scattering. Unfortunately atomic hydrogen is a very difficult target for experimen
talists. Though there is a great deal of data at a very broad range of energies, most 
of it is averaged over the singlet and triplet spin states thus, losing the information 
which allows a direct test of the theoretical treatment of exchange. 

A most extensive se* of measurements which do not average over the spin states 
have been carried out for electron scattering on sodium by the NIST group of McClel
land et al [1,2], Scholten et al[3], Ke^ley et al [4], and L^rentz et c/[5]. They measured 
the ratio of triplet to singlet scattering for the 3 2 5 — ' i 2 5 and 3 2 P - 3 2 5 channels, as 
well as the angular momentum transferred to the atom perpendicular to the scattering 
plane for singlet, triplet, and summed spin states. The inelastic data were gathered 
using super-elastic techniques. We use the fact tha* the theory is time-reversal in
dependent, i.e, the 3 2 S - 3 2 P channel is equivalent to the 3 2 P - 3 2 5 channel. In 
addition there are the measurements of the ratio of final to initial polarization carried 
out by Hegemann et al [6]. All of these measurements involve the determination of 
ratios at each angle, which do not suffer from the considerable difficulties associated 
with accurate measurements necessary in absolute experiments. 

Whilst the structure of the sodium atom is not as simple a that of hydrogen it is 
very well modeled as a hydrogen-like atom of one valence electron above a frozen core. 
Zhcu et al [7] showed that the frozen-core one-electron wavefunctions of the sodium 
atom can be improved by the addition of a phenomenological polarization potential 
which leads to eigenenergies which are in excellent agreement with experiment. 

The electron-atom scattering theory that we use is the coupled-channel optical 
(CCO) method based on the work of McCarthy and Stelbovics [8). This is a general
ization of the close-coupling (CC) formalism where only a finite set of the low-lying 
target discrete states are coupled together, with the effect of higher discrete states 
and the target continuum upon the scattering being completely ignored. In the CCO 
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method v.e also couple the low-lying target discrete states (P space), but in addition 
the effect of the higher discrete and continuum states (Q space) is taken into account 
via a complex non-local polarization potential. This potential is calculated ab initio 
in the weak-coupling approximation (9). By this we mean that we do not allow any 
coupling between distinct Q-space states, but direct coupling between f-space states 
and Q-space states is included. This approximation is readily tested for discrete states 
by seeing the effect of interchanging a particular state between P and Q spaces. The 
only way we have of testing the treatment of the continuum is by comparison with 
experiment. 

Our CCO formalism using symmetric P and Q operators [9] has been extensively 
tested by getting excellent agreement with differential cross section measurements of 
electron scattering on atomic hydrogen [9,10] and on sodium [11,12]. In a prelimi
nary report of this work [13] we showed •hat the spin asymmetries at 10 and 20 eV 
are greatly influenced by the effects of continuum states. We found that at some 
angles the effect of the continuum leads to a large change from singlet dominance 
to triplet dominance, and is in complete agreement with experiment. This confirms 
an earlier finding of McCarthy et al [14], who approximated the optical potential by 
an equivalent local potential, that the continuum had a similar effect on the spin 
asymmetries at 20 eV. In this work we apply our CCO theory to the broad range of 
energies measured by the NIST group [1-5]. We find that the quality of the scattering 
theory is so good (general quantitative agreement with experiment is achieved at all 
energies) that we are able to examine the quality of the structure representation as 
well. 

II. THEORY 

Before we can begin writing down the CCO equations of scattering we must define 
the approximations we use in describing the structure of the sodium atom. We get the 
one-electron core wave function |t/'j) by solving the self-consistent-field Hartree-Fock 
equations [15] for the ground state of the sodium atom. As in refs. [11, 12] to get 
the complete set of one-electron excited target states | ^ ; ) , discrete and continuous 
orthogonali/ed to the core states, we solve the frozen-core Hartree-Fock equations 
[iG]. However, we also add a phenomenological core-polarization potential which 
considerably improves the one-electron energies. Thus, our non-core target states 
\4>j) satisfy 

(l< + vFC-i,)<t>]{r) = 0, j<?C, (1) 

where 
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and where the notation C indicates the set of frozen-core states. For sodium we take 
the core to be l s 2 2 s 2 2 p 6 ' 5 . The polarization potential v p o | . which is intended to 
approximate excitations out of the core, is given by Zhou et al [7] 

W^ixv1-^!-^)6!), (3) 
where a<j = 0.99OQ and p = 1.439do- With this choice of the polarization potential we 
reproduce the experimental ionization energies [17] to almost four significant figures, 
an improvement of around two significant figures on the plain frozen core model, see 
Table I. In our earlier work [11-13] we believed that having correct one-electron ener
gies and associated wave functions \<f>}) was not very important away from excitation 
thresholds. In the course of this work we found that these play a small, but significant 
role in the description of the Lj. parameter at all energies. 

The theory that we use to describe electron atom scattering is based on the work 
of McCarthy and Stelbovics [8]. They formed and slioweu how to solve the ( V O 
equations in momentum space using the Lippmann-Schwinger equation. The major 
enhancements have been carried out by Bray (t al [9] who defined a considerably-
improved optical potential using symmetric P and Q operators, and Bray rl al [IS] 
who showed how to solve the coupled equations using the distorted-wave represen
tation. The latter is a computational technique used throughout this work which 
considerably reduces the numerical difficulties associated with solving the I.ippmann-
Schwinger equation. 

Rather than treat the sodium target by the independent particle model as was 
done in [8], we consider the sodium-electron scattering system as;. three-body problem 
of an inert core, one valence, and one projectile electron. The problem is then similar 
to the electron-hydrogen scattering problem, except that the local election proton 
potential is replaced by the non-local Hartree-Fock potential (2) of the tore. 

All matrix elerwvts in the Lippmann-Schwinger equation which describes the 
scattering are written as two-electron matrix elements. This integral equation for the 
total spin (S) dependent T matrix in the distorted wave representation [IS] is 

<k<-V, | Ts | 0„k< + )) = <k<->*, | V*{9) | 4ok{,+') 

+ / ^ 4 - (E(+)-f,-*«/2) ( K d , , | / l ' " k " '" ( , ) 

where the projectile with momentum k 0 is incident on the target with the valence 
electron in the ground state |<£0). energy fo. above the frozen core, and where II = 
c 0 + ko/2 is the on-shell energy. The indices ( + ) or ( - ) are used to indicate outgoing 
or incoming spherical-wave boundary conditions respectively. The distorted waves 
| k ( ± ) ) are the complete set of solutions (including bound states) of 
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(A' + tf)|k<*>) = ^|k<*>)T (5) 

where we take V to be 

, V ) ^ f + l . H ( r ) + 2^ /,,^lJ! + / , r«. m 

The most important criterion that this potential satisfies is that it is -Z/r at the 
origin, and falls to zero quite rapidly. This potential is used to remove the —Z/r 
behaviour at the origin in tae VQ(0) matrix elements in (4), and so achieves very rapid 
convergence in the integrand ?s a function of increasing k'. Utilizing the potential U, 
the maximum Jt' that we require in (4) is of order 3 a.u., whereas without it we require 
k' of order 100 a.u.. This potential is very useful in testing the numerical analysis 
since the solution of the Lippmann-Schwinger equation (4) must be independent of 

r. 
Writing the coordinate space-exchange operator as PT the matrix elements of 

\ £ (0 ) are given [9,18.19] by 

(ko, | \ £ | 0,'k') = (kci, | vFC - V + r „ ( I + (-\)SPT) | * .k ' ) 

- r ( - l ) 5 ( l - 0 ) ( ( , + < , . - E ) ( k | 0 l . ) ( ^ I | k ' ) 

•rbn'O ^ ( f , + e n - £ : ) { k | ^ ) ( ^ i k ' ) 

+(k0, |V / Q + (-l) 5 V' Q P r |<A,<k') , (7) 

where vyi is the projectile-valence electron potential, and VQ is the complex non-local 
polarization potential [9] which is calculated ab initio subject to the weak coupling 
approximation in Q space. The constant 0 above is arbitrary. Bray and Stelbovics [19] 
have shown that any non-zero 9 leads to a unique answer for the T matrix independent 
of 0, both on and off the energy shell. In our previous work [9-12] we had in effect 
0 — 0. Stelbovics [20] has shown that for 0 = 0 only the on-shell T matrix is defined 
uniquely which explains why we achieved good results. However we have found as the 
number of P space states is increased off-shell instability affects the on-shell stability. 
This problem is eliminated for 0 ^ 0 . In this work we take 0 = 1 since it completely 

eliminates the second term in (7). 
Another major difference in the potential matrix elements used here is the ab

sence of core overlap exchange terms (see Ref. [12,13] for example) that arose when 
McCarthy and Stelbovics [8] treated alkali atoms by the independent particle model. 
We found that these terms do not make any notable contribution, validating the 
treatment of the sodium-electron scattering system as a three-body problem. 

The Lipprnann-Schwinger equation (4) is solved in partial-wave formalism [8] with 
each partial wave being treated in exactly the same way, with as many partial waves 
taken as necessary for convergence. We take advantage of the fact that for non-elastic 
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channels for sufficiently large total angular momentum the T matrix approaches the 
first Born matrix el-ment, and we are able to take account of the higher partial waves 
by doing an analytic Born subtraction [8] without having to calculate them. For 
the elastic channel, large partial-wave matrix elements are dominated by the dipole 
polarization. So instead of applying an analytic Born subtraction we may extrapolate, 
if necessary, using the relation [21] T a a/L3, where a is derived by matching. The 
number of partial waves we do calculate varies with the projectile energy. For example 
at 1, 10, and 40 eV we calculate, respectively, 10, 30, and 60 partial waves explicitly 
by solving the Lippmann-Schwinger equation. 

The relations between various observables, such as the spin asymmetry or L i , 
and the partial T-matrix elements may be found in Ref. [10]. Writing the direct and 
exchange amplitudes as / and g respectively, with conesponding singlet S — /+</ and 
triplet T = f—g amplitudes, the ratio of the final to initial polarization perpendicular 
to the scattering plane, P'/P, is given by [6] 

P'/P=l-\g\2/*, (8) 
where a = ( |S| 2 + 3|T| 2)/4 is the differential cross section. This ratio has been 
measured for electron-sodium scattering at 4.0 and 12.1 eV by Hegemann et al [6]. 
For the elastic channel, writing S = u,^- and T = att-', McClelland tt al [2] 
expressed P'/P as 

w . i i i ^ i ^ ^ ( 9 ) 

where r = | r | 2 / | S | 2 is the ratio of triplet to singlet scattering, and combined their 
measurements of r with those of P'/P to provide a set of measurements for cos7, (. 
This gives a measured value for the magnitude of -ySf 

The ratio r may be equivalently expressed as spin asymmetry ACx, 

The spin asymmetry /lex has the advantage that it always remains finite with a 
minimum of - 1 / 3 when triplet scattering is dominant (r is infinite), and a maximum 
of 1 when singlet scattering is dominant (r = 0). A value of zero indicates that 
|S | 2 = |T| 2 , which often indicates that the exchange amplitude is zero. 

The determination of >4ex or r, the absolute differential cross section, and the 
phase difference f,t completes the characterization of the elastic scattering process. 
For the inelastic scattering process 3 2S — 3 2 P, or its time reversal, the situation is a 
little more complicated. Here the singlet and triplet amplitudes split into two parts 
one for each magnetic sublevel A/t = +1 and Mi = —1 (the "natural" coordinate 
system is being used, i.e. the z axis is normal to the scattering plane). Experimentally, 
the magnitudes of these four amplitudes 5 + i , 5_i, T+i, and T-\ may be determined by 
measuring the differential cross section, the ratio of triplet to singlet scattering, both 
summed over the magnetic sublevels, as well as the angular momentum transferred 
to the atom perpendicular to the scattering plane [4] for singlet 
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r S _ | S + I | * - | S - . l 2 

and triplet 

I A - | S + 1 | ' + | S > ( U ) 

T_\T»r-\T-lr 
L'-\T^+\T.^ ( 1 2 ) 

scattering. I he Li summed over the spin states is given by 

/ _ i s+ i l 2 - i s - , | 2 + 3(ir+,|*-rr_,i2) . 
L |S + 1p + |S_,|» + 3(|T+ 1|* + |7'-il2)' { ' 

HI. DISCUSSION 

Before we proceed to do any calculations we have to define which discrete target 
states we are going to have in P space. The matrix elements of the operator VQ are 
calculated in the approximation which neglects coupling between distinct Q-space 
states. This approximation is readily tested internally for the discrete Q-space states. 
In calculating differential cross sections [11, 12] we found that this is a very good 
approximation. Its main advantage is that it allows a relatively small number of P-
sparr states to be used, which saves considerable computational time. In testing this 
approximation, when calculating the spin asymmetry and Lx parameters, we found 
that it wasn't as good as it was for the differential cross sections. This can be seen 
in the work by Madison et al [22] who compared experiment and their DWB2 calcu
lations with the 3CC0 [12] spin asymmetries and L± generated from the T-matrix 
elements that were only checked against stability in the differential cross sections. 

The remedy is very simple. As it is the calculation of the continuum contributions 
which take around u 5 % of the time, we first take as large a P space as necessary to 
get complete convergence in the treatment of the discrete states. We then add the 
continuum contributions to as many of the low-lying /'-space states as necessary, until 
convergence has been obtained. 

We find this approach rather attractive. Using techniques outlined by Bray and 
Stelbovics for real potentials [19] we can find the number of discrete states neces
sary for complete convergence just using the close-coupling formalism very quickly. 
Having found the minimal P-space necessary for convergence we proceed to add to 
the low-lying /'-space states the contributions from the continuum. This allows us 
to directly observe the effect of the continuum on the scattering as well as observ
ing the convergence as the number of P-space states with continuum contributions 
is increased. We denote such calculations by the notation nCCOm, where we use 
?! to denote the number of P space states, and m the number of states which have 
continuum contributions. It is the magnitude of m that dominates the length of the 
calculation. Previously, as in [12] for example, we used the notation mCCO to indi
cate that there were m /'-space states and each one had a contribution from Q space. 
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A calculation nCCOm with n > m > 1 takes approximately the same amount of 
computational time as the corresponding roCCO calculation, and the former has the 
advantage of treating the n P-space discrete states without resorting to the weak cou
pling approximation for the discrete states. In this formalism Q spare contains only 
the continuum, however not all couplings between /'-space states and the continuum 
have been included. In particular, by computational necessity the couplings between 
the high-lying P-space states and the continuum are omitted. These couplings were 
never there in the mCCO calculate s either. Another advantage of the n('('()»» 
calculations over the mCCO ones is that the transitions between the ground state 
and all of the n elastic and excited states are automatically calculated. 

The number of P-space states necessary for complete convergence depends on t he 
scattering channel of interest and the projectile energy. In this work we concent rate 
on the elastic and 3 2 P channels. We fcund that of the energies which we considered 
the one requiring the largest number of P-space states was 1.1 e \ \ These stales were 
the 15 states that have the principal quantum number range from 3 to (> and orbital 
angular momentum range from 0 to 3 (see Table 1 for the one-electron energies). To 
get convergence in the inclusion of continuum contributions we had to have these 
contributions in the first six states with / < 2. We denote these calculations by 
15CC06, each of which takes approximately 2 hours (TV time per partial wave on 
our local IBM RS6000/530 computers. A corresponding 15CC calculation takes only 
6 minutes per partial wave. The reason that the continuum contributions take so long 
is that the non-local polarization potential is a second order term which is generated 
for each channel incorporating over one hundred continuum states (20 states for each 
/ = 0 to 5) used to integrate over the continuum momentum [!)]. 

IV. RESULTS 

We apply our ( '( '() theory at projectile energies where there is a considerable set 
of measurements of spin-dependent observables. The results are presented only in 
pictorial form. The spin-dependent complex amplitudes at one degree intervals PM 
the transition from the ground state to any one of the 15 states in Table I, or resulis 
at a different energy to those presented here may be obtained by sending an e-mail 
request to igor itsm.ee.flinders.edu.an. 

In figure 1 we look at the elastic spin asymmetries measured by l.orentz d al 
[5] at projectile energies of 1.0 and 1.6 eV. At these very low energies, below the 
first excitation threshold of 2.1 eV for the 3» channel (see Table I), only the virtual 
excitation of the first few low-lying excited states is necessary to achieve <-onvergr... e 
to better than 5%. The effect of the continuum is completely negligible. We compare 
two 15CC calculations with experiment. One, which we denote by l ( ' I I I + . uses the 
phenomenologicrd polarization potential (3) to define the non-core wave functions. 
The other, denoted by FCHF, leaves this potential out. We >,ee that at 1.0 eY the 
two calculations are not very different, and are ,,\ good agreement with experiment. 
However, at 1.6 eV there is a very large discrepancy between the two calculations 
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with the F('IIF + being in excellent agreement with experiment. It should be noted 
that we do not expect perfect quantitative agreement at these energies. Apart from 
the fart that we are treating electron-sodium scattering as a three-body problem, the 
electron beam used in the experiment has a width of around 0.1 eV. Our investiga
tions have shown that the rate of change in the asymmetries as a function of ener; 
is particularly high at 1.6 eV. The differences between the FCHF + and FCHF calcu
lations are indicative of this rate of change. At all other energies, unless otherwise 
stated, we use the F('HF'+ model for the wave functions. 

In figure 2 we compare the results of our 15CC06 and 15CC (to see the effect 
of the rontinu. in) calculations at 4.1 eV, with various measured observables. The 
measurements of P'/ P (Hegemann et al [6]) were performed at 4.0 eV, however we 
found that the theoretical results are not significantly altered between these two 
energies, and we presume that Ihis is the case experimentally as well. Whilst there is 
a discrepancy at the backward angles for this and the derived cos7,, parameter, we 
are informed (F. Ilanue via a private communication) that at this energy the effect 
of sodium dimer molecules may be to increase the P'/P measurements by up to 0.06 
at backward angles. This may be the cause of this discrepancy. 

At this energy the ionization channel is still closed, so as expected the effect of 
the continuum on the scattering is very small. We find very good agreement with the 
spin asymmetries (McClelland et al [1,2]) for both channels and the / , j . parameters 
as well. For the '.\*P channel we present the equivalent spin asymmetry and the ratio 
measurements to graphically show how they are related. 

In figure 3 we compare the 15CC06, 15CC, and the DWB2 (distorted-wave sec
ond Horn approximation) of Madison et al [22] calculations at 10 eV with various 
measured observables. At this energy the complete set of excited discrete and ioniza-
t ion channels is open. We see that whilst the 15CC calculation, which is convergent in 
the treatment of the discrete states, gets good qualitative agreement with experiment 
(Scholteu < I nl [:}], Kelley et al [4]) the addition of the continuum contributions brings 
about excellent quantitative agreement with the exception of the singlet Lx parame
ter near 60 degrees. We will see that this problem is unique only to this energy. At 
all other energies we require only small contributions from the continuum to any of 
the /,_!. parameters in order to get quantitative agreement with experiment. This may 
prove to be a test case for an exact treatment of the effect of the continuum upon the 
srattering. It is interesting to note also that the measurements of the ratio r and the 
/ . j . parameters are not independent. For example, 

Z,f = / , 1 + 3 r ( t 1 - L l ) . (14) 

This relation holds for the measurements presented, and naturally for the theory as 
well. Though we get apparently good agreement with all the parameters on the right 
hand side of the above equation, this turns out to be deceptive when we compare 
the combined results. This emphasizes the importance of having measurements of 
spin-dependent observables for a thorough test of theory. 
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We followed the example of McClelland et al [2] to generate the differential cross 
section for both singlet and triplet scattering by combining the measurements for the 
spin asymmetry with those of the differential cross section (Srivastava and Vuskovic 
[24]) summed over the spin states. These are in good quantitative agreement with 
our results. 

The DWB2 calculation is surprisingly good at this energy. As it is based on a 
perturbative approach we do not expect it to be convergent at this low energy. It 
will be interesting to see how the DWB2 calculation improves further with increasing 
energy. 

In the next figure (Fig. 4) we compare various measurements at 12.1 eV with 
the 15CC06 and 15CC calculations, with the latter being calculated with two sets 
of wavefunctions FCHF+ and FCHF. We do this to show what effect the choice of 
wave functions has upon the scattering at an energy well away from any excitation 
threshold. We see that there is an angular shift to the left from the FCHF+ to 
the FCHF calculations in the Li parameters, most pronounced for the triplet and 
summed Lj.. This happens to be the situation at the other energies as well (sec Bray 
[13] for calculations of £j. at 10 and 20 eV using FCHF wave functions). Since in 
the triplet and summed cases there is a very large rate of change in the intermediate 
angular range, we find that the FCHF+ calculations result in much better agreement 
with experiment than the corresponding FCHF calculations. 

By comparing the 15CC06 with the 15CC results we once again sec that the 
effect of the continuum is quite large and brings about excellent agreement with 
experiment. At this energy we can claim complete quantitative agreement with avail
able measurements of the spin asymmetry and cos7,1 (McClelland et al [2]), P'/P 
(Hegemai n et al [6]) and L± (Scholten et al [23]). It is unfortunate that spin-resolved 
measurements of the latter parameter are not available at this energy, and so we are 
unable to see if the discrepancy at 10 eV for the L* is also a problem at 12.1 eV. 
Given the demonstrated sensitivity of the L^ parameter at 10 eV, it is v.orth noting 
that agreement with the summed L± at this energy is considerably better than at 10 
eV around 60 degrees. 

As at 4.1 eV, we give both the spin asymmetry and the ratio for the 2>2P channel. 
In this case the the effect of the continuum is greatly emphasized at the forward 
angles by looking at the ratio parameter. 

In figure 5 we look at the 20 eV results. Here we see the greatest effect of the 
continuum upon the spin asymmetries (McClelland et al [1], Kelley et al [4]), which 
brings about remarkable agreement with experiment. For the inelastic channel whilst 
qualitative agreement is excellent, quantitative agreement is not as good as it was 
at 10 e\ where the effect of the continuum was smaller. Agreement with the / ,j . 
parameters is complete, with the continuum having only a marginal effect. 

This underlines the sensitivity of the asymmetry parameter. Using the relation 
(14) we can express r, and therefore Ae\, ir terms of just the Z-j. parameters. Looking 
at 120 degrees, for example, we see excellent agreement between experiment and 
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theory for the Lx. parameters. However, agreement between theory and experiment 
for the -4 ex parameter at this angle is quite poor though both theory and experiment 
do sat >fy relation (14). Another way of seeing this sensitivity is by observing that 
the continuum doesn't appear to have a large effect on the Lx parameters, but does 
have a large effect on j4 ex or r. 

It is interesting to note the marked improvement in the DWB2 calculation. In 
fact it gets H better qualitative agreement with experiment for the asymmetries than 
the 15CC calculation which is non-perturbative and treats the discrete excited states 
to convergence. The reason for this we believe to be due to the fact that DWB2 has 
the effect of the continuum in the second order whereas 15CC has no such effects. 

We use t he measurements of the differential cross sections summed over spin states 
by Srivastava and Vuskovic [24] and Lorentz and Miiler [25] to generate the singlet 
and triplet differential cross sections. These have been normalized to the theory using 
integrated cross sections, and are in good agreement with the theory. 

Finally, in figure 6 we look at the 40 eV results. There are no elastic asymmetry 
measurements so we use the theoretical values to generate the singlet and triplet dif
ferential cross sections from the measurements (Srivastavaand Vuskovic [24]) summed 
over the spin states. We find good agreement between the measured and calculated 
differential cross sections. 

The continuum once again has a big effect on the asymmetries for both chan
nels. The theory predicts a bigger peak around 40 degrees for the inelastic channel 
than what is measured (Scholten el ai [3]). This is likely to be due to the inexact 
treatment of the continuum. It should be noted that at this energy the magnitude 
of the asymmetries has dropped considerably to be much nearer zero, indicating that 
exchange efforts are much less important at this and higher energies. 

Agreement between the 15CC06 results and the measurements of L i (Scholten 
rt nl [3]) is excellent. The quality of the DWB2 calculation has improved markedly, 
particularly for the singlet />i parameter. 

V. CONCLUSIONS 

We have found that our CCO description of the reaction mechanism in electron-
sodium scattering is extremely good. As a result, we have been able to test the 
description of the structure of the atom. Calculating the target wave functions, with 
or without the phcnomenological polarization potential (3), has a small but significant 
effect on the results. The addition of this potential considerably improves agreement 
of the theory at just below the first excitation threshold. This effect we anticipated. 
However, we also found that it shifts the LL parameters a few degrees to the right 
around the intermediate angles at all energies, thus giving excellent agreement with 
experiment. 

By looking at the measurements of the spin asymmetries and P'/P we have seen 
that exchange plays a significant role (whenever A?* ^ 0, P'/P < 1) at all of the 
energies considered. For energies above the ionization threshold we saw that a close-
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coupling calculation that treats all bound excited states to convergence is unable to 
reproduce the experiment. Addition of the continuum contributions yields remarkable 
quantitative agreement with experiment, suggesting that the exchange amplitudes arc 
sometimes influenced predominantly by the continuum channel. 

The effect of the continuum on the Lj. parameters has been found to be relatively 
small at all energies, but is generally necessary to give quantitative agreement with 
experiment. However, the 10 eV singlet L± measurements suggest that at this energy 
the continuum should have a large effect around 60 degrees. We conclude this because 
the 15CC calculation presented is convergent in the treatment of the discrete excited 
states. We have also checked that this region is not significantly affected by either 
choice of target wave functions. 

Whilst we have presented results which give generally excellent quantitative agree
ment with experiment, it must be remembered that the contribution of the continuum 
upon the scattering has been calculated within the weak-coupling approximation. 
Bray and Stelbovics [19] have demonstrated that the electron-hydrogen scattering 
problem can be solved to convergence using very large orthogonal Lagucrre-basis ex
pansions for the target wave functions. As these result in square-integrable states, 
close-coupling formalism may be applied directly without resorting to the coupled-
channel optical method presented here. We intend to apply these ideas to the sodium 
target as well. Perhaps this will help to resolve the remaining minor discrepancies. 

Though in this work we have concentrated on the channels and energies where 
there exists the largest set of spin-dependent data, the results arising from the 
15CC06 calculations include transitions from the ground state to any one of the 
states given in Table I, and may be obtained by e-mail. Also, upon request the 
15CC06 calculation may be performed at any other energy of interest to the reader. 
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TABLES 

TABLE I. Ionization energies (eV) of the low-lying sodium states. The pure frozen-core 
Hartree-Fock results are denoted by FCHF. The results with an added phenomenological 
polarization potential given in equation (3) are denoted by FCHF +. The experimental 
values are due to Moore [17]. 

state FCHF FCHF+ experiment 

3s 4.956 5.140 5.139 
43 1.910 1.947 1.948 
55 1.009 1.022 1.024 
6s 0.622 0.629 0.630 
3p 2.980 3.040 3.038 
4p 1.370 1.387 1.387 
5p 0.787 0.795 0.795 
6p 0.511 0.515 0.516 
3d 1.515 1.522 1.523 
•id 0.852 0.856 0.856 
5d 0.545 0.547 0.548 
U 0.379 0.380 0.381 
4 / 0.850 0.851 0.851 
5 / 0.544 0.544 0.545 
6 / 0.378 0.378 0.379 
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FIGURES 

FIG. 1. Elastic spin asymmetries calculated using 15-state close-coupling for electron-
sodium scattering at projectile energies of 1.0 and 1.6 eV. The calculation denoted FCHF + 

uses the phenomenological polarization potential (3) to improve the electron ionization 
energies, FCHF does not. The measurements are due to Lorentz et al [5]. 

FIG. 2. Calculations of spin-dependent observables for electron-sodium scattering at 
projectile energy of 4.1 eV. The calculation denoted by 15CC06 has the effect of the con
tinuum added to the first 6 states of the 15CC calculation. The P'/P measurements 'at 4.0 
eV) are due to Hegemann et al [6]. The rest are due to McClelland et al [1,2]. Quantitative 
res ilts may bo obtained by sending an e-mail request to igor@esm.cc.flinders.edu.au. 

FIG. 3. Calculations of spin-dependent observables for electron-sodium scattering at 
projectile energy of 10 eV. The calculation denoted by 15CC06 has the effect of the contin
uum added to the first 6 states of the 15CC calculation. The second order distorted-wave 
Born calculation of Madison et al{22] is denoted by DWB2. The measurements denoted by 
o are due to Scholten et al{3] (inelastic) and Kelley et al [4] (elastic). The measurements 
denoted by D are a combination of the measurements of the differential cross section by Sri-
vastavaand Vuskovic [24] and the spin asymmetries. Quantitative results may be obtained 
by sending an e mail request to igor@esm.cc.flinders.edu.au. 

FIG. 4. Calculations of spin-dependent observables for electron-sodium scattering at 
projectile energy of 12.1 eV. The calculation denoted by 15CC06 has the effect of the 
continuum added to the first 6 states of the FCHF + 15CC calculation. This calculation 
uses the phenomenological polarization potential (3) when calculating the non core states 
of sodium whereas the FCHF calculation does not. The P'/P measurements are due to 
Ilegernann ft al [6]. The measurements of the elastic asymmetry are due to McClelland 
cl (J [2], and were used to generate the cos7, t data from the P'/P measurements. The 
Li measurements are due to Scholten et al [23]. Quantitative results may be obtained by 
sending an e-mail request to igor@esm.cc.flinders.edu.au. 

FIG. 5. Calculations of spin-dependent observables for electron-sodium scattering at 
projectile energy of 20 eV. The calculation denoted by 15CC06 has the effect of the contin
uum added to the first 6 states of the 15CC calculation. The second order distorted-wave 
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Born calculation of Madison et al [22] is denoted by DWB2. The measurements denoted by 
o are due to McClelland et al [1] (inelastic) and Kelley et al [d] (elastic). The measurements 
denoted by • and O are a combination of the spin asymmetries with the measurements 
of the differential cross section by Sriva>tava and Vuskovic [24] and Lorentz and Miller 
[25], respectively. Quantitative results may be obtained by sending an e-mail request to 
igor@esm.cc.flinders.edu.au. 

FIG. 6. Calculations of spin-dependent observables for electron-sodium scattering at 
projectile energy of 40 eV. The calculation denoted by 15CC06 has the effect of the contin
uum added to the first 6 states of the 15CC calculation. The second order distoited-wave 
Born calculation of Madison et al [22] is denoted by DWB2. The measurements denoted by 
o are due to Scholten et al [3]. The measurements denoted by D are a combination of the 
spin asymmetries (theoretical for elastic) with the measurements of the differential cross 
section by Srivastava and Vuskovic [24]. Quantitative results may be obtained l>y sending 
an e-mail request to igor@esm.cc.flinders.edu.au. 
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