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A coupled-channel optical method for electron-atom scattering is applied to 

electron-sodium scattering at energies of 10, 20, 22.1, 40, 54.4, and 100 eV. 

The 3?S, 3?P, and 32Z> channels are coupled explicitly whereas the rest of the 

one-electron excited states of the atom are taken into account via the ab initio 

complex non-local polarization potential. The 3 2 S - 3 2 5 and 3 2 S - '62P differen

tial cross sections are found to be in good agreement with the recent experiments 

of Lorentz and Miller [Proc. 16th ICPEAC, New York, 1989, abstracts p. 198]. 

The effect of the polarization potential does not change the qualitative results of 

a standard coupled-channel calculation, but improves agreement with the exper

iment. Integrated and total cross sections are also presented. 
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I. INTRODUCTION 

For the last two decades electron scattering on atomic sodium has been greatly 

studied by a number of experimental and theoretical groups. This is due to the fact 

that sodium is a relatively simple target for both experimentalists and theorists, and 

there are still some unresolved discrepancies between theory and some experimental 

data. We would like to apply our recently developed method, for calculation of 

electron atom scattering phenomena, to electron scattering from atomic sodium in an 

attempt to resolve some of these discrepancies. 

We use the coupled-channel optical (CCO) method which is an ab initio approach 

to electron-atom scattering. It treats a finite set of scattering channels (P space) 

explicitly via the coupled-channel formalism, whilst the rest of the channels {Q space), 

including the target continuum, art taken into account indirectly through a complex 

nonlocal polarization potential. This potential, together with the first order potential 

of the explicitly-treated channels, forms the optical potential. We use the notations 

nCC and nCCO for calculations that have the lowest n target states in P space, with 

the latter treating the the Q space via the polarization potential, whereas the former 

leaves it out completely. 

The strength of the CCO approach to electron-atom scattering is that it treats the 

complete set of target states up to convergence.1 The effect of higher excited states 

on scattering within a set of low lying states can be seen by comparing corresponding 

nCCO and nC'C calculations. Furthermore, the polarization potential may be tested 

internally by comparing nCCO with (n + l)CCO calculations.2 

Our CCO approach has proved to be very successful in the description of electron-

hydrogen elastic scattering at energies ranging from 0.5 to 30 e V 3 and elastic and 

inelastic scattering from 30 to 400 eV 4 . We have recently expanded our CCO theory 

to incorporate alkali atoms which we treat by the one electron above the frozen core 
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model. This theory has worked extremely well in the description of elastic scattering 

from sodium at 20 to 150 eV,5 where we did a series of 1CCO (P space contains 3 J 5 

->nly) calculations. 

For hydrogen the complete set of target states is known exactly. However this is 

not so for any other atom, and so approximations must be done to describe their 

structure. For alkali atoms we use the one-configuration self-consistent-field Hartree-

Fock method to describe the ground state of the atom.* This approximation works 

very well for these atoms, see for example Ref-I7). The complete set of the one-electron 

excited target states, including the continuum, is found by solving the one electron 

Schrodinger equation with the f'ozcn core Hartree-Fock potential.* This is also a very 

good approximation as the effects of core excitation on scattering have been found to 

be negligible.9 

The aim of this paper is to use our recently developed theory 3 , 5 to calculate the 

3 2 S — 3*5 and the 3 2 S — Z2P cross sections at a range of intermediate energies in an 

attempt to resolve some of the discrepancies between theory experiment. In Sec. II 

we present the final equations of our CCO method, as the complete derivation of 

the theory may be found in McCarthy and Stelbovics10 and Bray, Konovalov, and 

McCarthy3,5. In Sec. HI we present the results of 3CCO and 3CC (P space contains 

3QS, 37P, and $*D) calculations for projectile energies of 10, 20, 22.1, 40, 54.4, and 

100 eV (Tables I, II, and HI). We compare these results with the measurements of 

elastic (Fig. 1) and inelastic (Fig. 2) differential cross section of Lorentz and Miller,11 

Srivastava and Vuikovic," and the Flinders University experimental group. 1 3 ~ 1 9 

The agreement of our theory with the relative experiments of Lorentz and Miller11 

and Srivastava and Vuskovic12 is found to be very good at all energies. At 22.1 eV the 

discrepancy in the 3*5 — 3*P differential cross section between the coupled-channel 

theory of Mitroy, McCarthy, and Stelbovics9 and the absolute measurements of the 
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Flinders group1* has been essentially resolved by the addition of the polarization 

potential. The major discrepancy between the coupled-channet approach9 and the 

absolute measurements of the Flinders group at 54.4 and 100 e V > 3 , 1 4 ' l s is at the 

intermediate and backward angles. However the recent experiment of Lorentz and 

Miller is closer to the coupled-chance! results9 and is even in better agreement with 

our 3CCO calculations. 

II. THE CCO METHOD FOR ALKALI ATOMS 

To get the one-electron wave functions iffj(r) of an alkali atom we solv» the self-

consistent-field Ilartree-Fock equations" for the ground state of the atom, A, 

( A - r « W F - e J ) v j ( r ) = 0, jeA, (1) 

where 

To get the complete set of one-electron excited target states we '-se the frozen core 

Hartree-Fock approximation,8 

(K + vFC-t})<t>}(r) = 0, j?C, (3) 

where 

V- / P WWW) , ,„v m 
* , , € C J I r r I 

and where the notation C indicates the set of frozen core states. For sodium we take 

the core to be la22s22p^ lS. 



As the target atom is described by the independent particle model that has one 

electron above a frozen core, all matrix elements in the Lippman-Schwinger equation 

which describes the scattering are reduced to two-electron matrix elements. 1 0 This 

integral equation for the T matrix, which depends on the total spin S, is 

where the projectile with momentum ko is incident on the target with the valence 

electron in state ^ above the frozen core, and where E = t^ -\- &c/2 is the on shell 

energy. Writing the coordinate space-exchange operator as Pr the matrix elements of 

VQ are given b y 1 0 

(k* | V* | *..k') = (k* | vFC + vl2(l + (- l) s tt) I **') 

+(-!)* (k*. | (t, + t, - E)PT | 4>,V!) 

-6... £ (M>, | (2e , -£)P r | ,M0 

+ (M,|V<, + (-l)SVgPrU,.k'), (6) 

where vfC is the projectile-core potential and vtJ is the projectile-valence electron 

potential. The channel space is divided into two parts: P space and Q space. The 

channels in P space are coupled explicitly in (5), whereas the Q space channels form 

the complex non-local polarization potential VQ in (6). The details of the calculation 

of the polarization potential matrix elements may be found in Ref.j 3 , 5 ]. 

III. RESULTS A N D DISCUSSION 

Equation (5) is solved at a range of projectile energies (&p/2). We take P space to 

contain 3 2 5 , PP, and 32D as the 32S - 3'P and 3 2 5 - 3*D generalized oscillator 

strengths are the highest for scattering from the ground state. 1 7 This indicates that 

the \\2P and i21) channels have the strongest coupling to the entrance channel i2S. 
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The strength of the OCO approach is that convergence, by the number of states 

in P space, may be tested internally. This convergence has been achieved when the 

corresponding results of an n'CCO calculation are the same as that of an nCCO 

calculation with ri > n. For sodium this can be done by comparing the elastic 

cross sections of the 1CCO calculation5 with the corresponding tesults of our 3CC0 

calculations. The fact that the polarization potential in the 1CC0 calculations can 

reproduce the very strong dipole coupling (3 7 S - 3 ? P ) that is explicitly »n P space 

of our 3CC0 calculations suggests that the higher excited states will also be suitably 

treated by our polarization potential. 

The major discrepancy between theory and experiment f>r electron scattering on 

atomic sodium is between the absolute measurements of the Flinders University 

g r o u p 1 3 - 1 6 and the 4CC calculations of Mitroy, McCarthy, and Stelbovics 9 at in

termediate and backward angles. As the core excitation effects were found to be 

negligible* it was hoped that the discrepancies may be resolved by taking into ac

count the complete set of one-electron excited target states. 

As the absolute errors in the integrated cross sections of Srivastava and Vuskovic 1 2 

are quite large, sec Table III, and their relative data were normalized to their estimates 

of the integrated cross sections, we renormaiized their data. The /neasurements of 

both Lorentz and Miller" and those of Srivastava and Vuskovic have been normalized 

to the integrated cross sections (173, and <Tjp) of Table HI. 

A. Elastic differential cross sections 

In Fig. 1 we present the 3CC and 3CC0 calculations together with available exper

imental data for the elastic scattering at a range of energies. Quantitative results are 

presented in Tables I and III. Comparing 3CC with the 3CC0 it is evident that the 

effect of the polarization potential on elastic scattering is quite small, but improves 
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agreement with experiment. The discrepancy with the Flinders group measurements 

at 54.4 and 100 eV can not be resolved by the addition of the polarization potential. 

However the recent relative experiments by Lorentz and Miller1' at these energies are 

in very good agreement with our 3CCO results. In general, the agreement between 

the 3CCO calcu'ations and the measurements of Lorentz and Miller1' and those of 

Srivastava and Vuskovic" is very good for all energies. 

B. s 3 S — j"P differential crom section* 

In Fig. 2 we present the 3CC and 3CC0 calculations together with available ex

perimental data for the 3 2 5 — $*P scattering. Quantitative results are presented in 

Tables II and III. Comparing 3CC with the 3CCO results wc sec that the effect of 

the polarization potential on 3 2 S - 3 2 P scattering is greater than that on the elas

tic scattering. The discrepancy between experiment and theory at 22.1 eV has been 

essentially resolved by the addition of the polarization potential. In general the agree

ment with experiment is considerably .mproved by the addition of the polarization 

potential at all energies. 

One of the advantages of comparing theory against experiment at a range of ener

gies is that one can examine consistency of the results. For example at first glance 

the agreement between the theory and experiment at 40 eV is disappointing. The 

disagreement at around 50 degrees, where the theory predicts a local minimum, is 

quite large. However at both adjacent energies of 22.1 and 54.4 eV both the experi

ments and theory do have this local minimum and are in good agreement with each 

other. This makes us feel more confident with our results at 40 eV. 

C. Integrated and total cross sections 

In Table 1 i'l we present the integrated elastic a^„ integrated 3 2 5 - 3 2 P inelastic o$p, 
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and total a, cross sections resulting from our 3CC0 calculation together with various 

experimental estimates. The 3CCO 03, is considerably lower than experiment at 10 

eV, but the agreement improves for higher energies. The 3CCO a^ is in complete 

agreement with both exoerimental estimates at all energies. The 3CC0 at is much 

lower than the semi-empirical estimates of the total cross section at low energies, with 

ihe agreement improving for higher energy. 

IV. CONCLUSIONS 

The differential cross section is sometimes considered to be one of the least sensitive 

parameters of the complete set which describes a scattering process. This is due to 

the fart that the differential cross section depends only on the absolute value of the 

T matrix. Fuilhermore the effects of spin are averaged. Note however that the 

differential cross section is an absolute number which may vary over many orders of 

magnitude as a function of angle, whereas spin and phase dependent parameters are 

ratios. Spin asymmetries have been recently measured by the N.I.S.T. group (Celotta, 

Kelley, Lorentz, McClelland, and Sc hoi ten) and will soon be available. As we believe 

that our 3CC0 calculations have achieved sufficient agreement with experimental 

differential cross sections, we will further test our theory against their spin and phase 

dependent parameters, as well as other currently available data. 
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TABLE I. Elastic differential rrow sections («£ s r 1 ) calculated using the 3CCO model 

at a range of energies. Square brackets denote powers of 10. 

9 (deg) \ E (eV, 10.0 20.0 22.1 40.0 54.4 1000 

0 8.06(2] 8.02(2] 7.01(2] 4.95(2] 4.64(2] 2.85(2] 

5 4.39J2J 2.71(2] 2.49(2] 145(2] 102(21 5.92(1] 

10 1.85(2] 8.10(1] 7.19(1] 3.84(1] 2.90(1! 1.99(1] 

15 7.14(1) 2 56(1) 2.25(1] 126(11 1.06(11 8.16 

20 2.64(11 841 7.37 4.60 4.41 4.06 

25 9.40 2.76 2.43 1.87 2.21 2.52 

30 3.27 8«H 1 7.81(1] 9.87(-l] 1.45 1.80 

35 1.12 2.49(1 2.46( 1) 7.50( 1] 1.17 1.15 

40 4.16(1] 1.05(1 1.49(1] 7.41(1] 104 1.04 

45 1.97(1] 1.57(1 2.27(1] 7.94(1) 9.58(1] 8.13(1] 

50 145(1] 2.91 ( 1 3 72(1] 8.47(-l] 8.88(1] 6.42(-ll 

60 1.85(1] 5.89(1 6.60{ l\ 8.76(1) 7.44(1] 4.11(1) 

70 2.79(1] 7.67(1 8.08(1] 7.78(1) 5.74(11 2-59(1] 

80 3.88(1] 7.80(-l 7.87(1] 5.82(1) 3.80(1] 1.39(1] 

90 4.76(11 6.62(1 6.45(1] 349( 1] 1.89(1] 5.31(2] 

100 5.06(1] 4.70(1 4.41(1] 1.48(1) 4.94(2) 2.17J-2] 

110 4.55( 1] 2.72(1 2.44|-1J 4.64(2] 8.58(3] 6.87(-2) 

120 3.42(1] 137(1 1 117(1) 9.15(2] 1.07( 1] 2.00(1] 

130 2.16(1] 115(1 1 102(1) 3 00(1] 3.56(1] 398(1] 

M0 1.23(1) 2.17|-1 1 2.09(1] 6.45( 1] 7.27(1) 6.27(1] 

150 8.24(2] 4.12(1 1 4.04(1) 106 1.15 8.48(1) 

160 7.98(2] 6.34(1 | 6.26(1] 1.45 1.55 102 

170 9.38(2] 8.06(1 | 7.98(1] 1.73 1.84 1.14 

ISO 9.98(-2] 8.71(1 | 8.64(1] 1.84 1.97 121 
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TABLE II. 3 2 5 - 32f* differential cross sections (ag s r _ I ) calculated using the 3CCO 

model at a range of energies. Square brackets denote powers of 10. 

$ (deg) \ E (eV, 10.0 20.0 22.1 40.0 54.4 100.0 

0 1.61(3] 4.84(3] 5.50(3] 1.16(4] 1.67(4] 3.20(4] 

5 9.**7(2] 1.10(3] 1.06(3] 7.34(2] 5.46(2] 2.65(2] 

10 3.19(2] 2.04(2] 1.82(2] 9.20(1] 5.79(1] 1.69(1] 

15 1.05(2] 4.78(1] 4.08(1] 1.51(1] 7.82 1.23 

20 3.72(1] 1.40(1] 1.15[1] 3.24 1.42 2.24(1] 

25 153(1] 5.61 4.57 1.14 4.90(1] 9.66[-2] 

30 7.82 2.96 2.39 5.57(1] 2.24(1] 4.90(2] 

35 4.91 1.78 1.39 2.84(1) 1.04(1] 2.96(-2] 

40 3.50 1.07 8.10(1 1.46(1] 5.49(-2] 2.20(-2] 

45 2.61 6.25(1 4.52(1 8.73(-2] 4.09(-2] 1.91(-2] 

50 1.94 3.52(1 2.55[-lj 7.06(-2] 4.18(2] 1.78(-2] 

60 1.00 1.69(1 1.62(1 8.«5(-2] 5.54(-2] 1.64(-2] 

70 4.83(1] 2.24(1 2.36(1 1.09(1] 6.351-2] 1.38(-2] 

80 2.86(1] 2.91(1 2.93(1 1.10(1] 5.70(-2] 8.71(-3] 

90 2.65(1] 2.85(1 2.72(1 8.55(-2] 3.70(-2] 2.69(-3] 

100 2.87(1] 2.18(1 1.97(1 5.04(2] 1.59 [-2] 5.52 [-4] 

no 2.87(1] 1.37(1 1.17(1 2.70(-2] 1.20(-2] 8.21(3] 

120 2.52(1] 8.08(-2 6.92(-2 3.51(2] 4.0l(-2] 2.95(-2] 

130 192(1] 6.75(2 6.93(2 8.32(-2] 1.05(1] 6.48[-2) 

140 1.26(-1] 9.64(2 ! 1.14(1 165(1] 2.00(1] 1.09(1] 

150 7.22(-2] 1.52(1 | 1.86(1 2.fi5(-l] 3.07(1] 1.57(1] 

160 3.86(-2] 2.14(1 | 2.59(1 | 3.62(1] 4.05(-1] 1.99(1] 

170 2 24(-2) 2.60(1 I 3.15(1 | 4.28(1] 4.72(1] 2.28(1] 

180 1.75(2] 2.78(1 | 3.38(1 | 4.50(1] 4.95(1] 2.37(1] 
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TABLE III. Integrated 3 2 S - 3 2 5 (<T 3 S ) , 3 2 S - 3 2 P (<r 3 p), and total (<rt) cross sections 

calculated using the 3CC0 model at a range of energies. The experimental dataof Srivastava 

and Vuskovic[12] are denoted by <ra, that of Buckman and Teubner[14] by ab, that of Kasdan, 

Miller, and Bedeison[18] by CTC, and that of Stein [*] by ad. 

a (TTO2) \ F (eV) 10.0 20.0 22.1 40.0 54.4 100.0 

< x 3 s 20.3 11.3 10.6 7.22 6.06 4.27 

o$s 48.9±H.7 15.9 ± 4.8 12.5±3.8 6.14±1.84 

a3p 36.7 34.4 33.2 27.2 22.2 12.8 

* § p 36.0±10.8 33.0 ± 1.0 24.8±7.4 21.1±6.3 

a b

3 p 24.9±3.7 15.2±2.2 

at 72.8 58.7 56.5 42.8 34.8 20.8 

af 70.1±14.0 54.0±10.8 50.9±11.8 37.0±7.4 30.5±7.0 24.5±4.9 

o\ 99.9±42.0 60.7+25.5 47.6±20.0 34.3±14.4 

af 85.2±10.2 73.9±8.9 

1*vt*o 4v*4.-r»*-^o J /filiisw e/*/• "A>v* &c<*+- a^CaCcaC t 



FIG. 1. Elastic differential cross sections for electron scattering on atomic sodium. The 

solid line is the 3CCO calculation and the dashed line is the 3CC calculation where the 

coupled channels are 3 2 S, 3 2 / > , and 3 2 D. The experiments of Lorentz and Miller" are 

denoted by o. Those of Srivastava and Vuskovic12 are denoted by O. The measurements of 

the Flinders University group at 54.4 1 6 and 100 1 3 eV by O. Error bars are only plotted if 

they are larger than the size of the symbol denoting the experiment. 

FIG. 2. 3 2 S - 3 2 P differential cross sections for electron scattering on atomic sodium. 

The solid line is the 3CC0 calculation and the dashed line is the 3CC calculation where 

the coupled channels are 3 2 5 , 3 2 P, and 37D. The experiments of Lorentz and Miller" are 

denoted by o. Those of Srivastava and Vugkovic'2 are denoted by • . The measurements of 

the Fbnders University group at 22.1 eV 1 5 and other energies14 by O. Error bars are only 

plotted if they are larger than the size of the symbol denoting the experiment. 

14 



to «v 

CO 

c o 
- H 

U 
0) 
CO 

CO 
CO o 
u 
o 

CO 
CM 

PO 
I 

CO 
CO 

40 «V Ftg.1 , Bray, Phy«. R»v. A 

20 40 60 80 tOO 120 HO 

^ 

20 40 60 80 100 120 ,40 20 40 60 B0 100 120 140 

scattering angle (deg) 



32S-32P cross section (aft sr" ' ) 
o 

O A. 
o o 

c/> 8 
o 
0* 
rr ISJ 

O rt 
(D _ 
^ *• 

o H-
D 
^ 
0) o 
D 
^ 
»-• fu 
(D o 

-—-» r-

a o 

a) m o 
"^ 

a> 
o 

o 
o 

o 

*y '' 

o A' 

< \ 
o> 

•oV, 
Oil 

o o l • 

W ' ro -J / / 

2.1 

*T ' • < ~ » 1 * 
» 
• • *«»•+ \ m * •« • > • IM« 1 t " I H » 

(O 

)(, 


