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15-state R-matrix investigation of resonances in elastic scattering of electrons
from atomic hydrogen at low energies
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A 15-state R-matrix calculation has been carried out at 685 energies ranging from 1 —17 eV to depict
the resonant profiles for the elastic differential cross sections and the angular distribution of the spin
asymmetry A &, i, (O, k ) in the elastic scattering of spin-polarized electrons by spin-polarized hydrogen
atoms at angles of 30', 55', 70', and 90'. The calculations are compared with experiments.
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I. INTRODUCTION

In general, electron-atom scattering experiments that
are performed with unpolarized incident beams and that
lack either any polarization analysis or, in the case of
reactive collisions, any electron-photon or electron-
electron coincidence analysis result in the determination
of differential and total cross sections which are averaged
over spin and angular-momentum states. The experimen-
tal data so derived necessitate some form of normaliza-
tion procedures before direct comparison can be made
with collision theory. It is important, in the investigation
of a large number of spin-dependent processes that occur
in physics, to have electrons available in well-defined spin
states. Thus one is not obliged to average over all possi-
bilities that may arise from different spin directions,
thereby losing valuable information. Instead one can in-
vestigate the individual possibilities separately.

The development of improved polarized electron
sources and of a source of spin-polarized hydrogen atoms
has led to the first measurements of the asymmetry be-
tween spin-parallel and spin-antiparallel scattering in this
fundamental system. The first reported measurements
(Alguard et al. [1], Wainwright et al. [2], Fletcher et al.
[3], Gay et al. [4], and Fletcher et al. [5]) have been on
90' elastic scattering from 4.4 to 30.3 eV. While most of
the predictions for the spin-averaged elastic differential
cross section at 90 agree with each other and with the
measurements of Williams [6] and Callaway and Williams
[7], as seen in Fig. 1(b), there is substantial disagreement
among the same approximation methods [7—10] in the
prediction of the s'pin asymmetry A i, i, (90', k ), as seen
in Fig. 1(a). From 10 to 30 eV, the experimental values
for A i, i, (90', k ) agree only with the prediction of
ls2s2p three-state close-coupling calculations (Burke and
Schey [8], Burke, Schey, and Smith [9]), while the sophis-
ticated algebraic variational pseudo-state close-coupling
(CC) method [7], which provides the closest agreement
with the experiments on differential cross sections, fails to
predict the correct qualitative shape of the experimental

profile for the parameter A „„(90',k ). Another impor-
tant feature which Fletcher et al. [5] failed to report is
the distinct resonant structure shown by the three-state
CC calculation [8,9] on the A „„(O,k ) parameter at en-
ergies just below the n =2 excitation threshold. The
above-mentioned findings lead to conjectures that (i)
close-coupling calculations which include only physical
atomic states are more effective in describing the short-
range spin-exchange interaction; (ii) the A„„(O,k ) pa-
rameter may be more sensitive to the resonant effects
than the spin-averaged elastic differential cross sections.

Warner, Rutter, and King [ll] reported high-energy
resolution spectra of electrons scattered elastically from
atomic hydrogen over the energies ranging 0.68 —0.76 Ry
and at angles 33', 54', 70', and 90. The positions and
widths for the resonances 'S', P', and 'D' were extract-
ed from the resonant profiles. The observed resonant po-
sitions were reported to be in excellent agreement with
the theoretical energies of Taylor and Burke [12]. How-
ever, the agreement between the corresponding resonant
widths is not so good. To resolve the discrepancy, it may
be more meaningful to have the resonant profile on elas-
tic differential cross sections reproduced theoretically and
match directly with the experiments, or alternatively, it
would be constructive to carry out another theoretical
reconfirmation on the widths and positions of the reso-
nances using the A „„(O,k ) parameter as a gauge if the
A „i, (O, k ) parameter is as sensitive to resonances as we
would have expected.

In this paper, the 15-state R-matrix calculations of
Pathak and co-workers [13,14] have been extended to cal-
culate the elastic differential cross sections and the spin
asymmetry in the elastic scattering of spin-polarized elec-
trons by spin-polarized atoms. The aims of this paper are
(i) to probe the sensitivity of the A i, i, (O, k ) parameter
in response to the presence of resonances; (ii) to reconfirm
the observation of resonances reported by Warner,
Rutter, and King [11];(iii) to carry out convergence stud-
ies on the close-coupling expansion in the calculation of
elastic differential cross sections and the spin asymmetry.
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II. THE CALCULATION
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The R-matrix method for electron-atom collisions has
been discussed in detail (see Burke, Hibbert, and Robb
[IS] and Berrington et al. [16]). The target wave func-
tions, energy levels, and scattering wave functions used in
the present 15-state R-matrix calculation have been fully
described by Pathak, Kingston, and Berrington [13] and
Aggarwal et al. [17]. However, to recapitulate, the wave
function describing the two-electron scattering system
can be expanded as

mnk

(2L +3)(2L + 1)(2L —1)
(2)

where N, are the channel functions formed from the tar-
get states of the hydrogen atom, uJ are the radial basis
functions describing the motion of the scattered electron
(the continuum orbitals), and (t/, are the two-electron
functions (the bound-bound orbitals) which allow for
short-range correlation effects. These bound-bound or-
bitals are also designed to represent the target states of
the singly ionized atom, coupled to two bounded elec-
trons simulating the possible formation of two-electron
resonances.

In theory, if the summation in (1) included all the
bound states of hydrogen exactly and also included an in-
tegration over the continuum states of hydrogen then the
results would be exact. However, in practice we can only
include a small number of target states in (1). In this cal-
culation, only the Iifteen lowest atomic states (n = 1, 2, 3,
4, and S) were used in the summation (1) and we do not
allow for ionization channels. The R-matrix. boundary
radius was taken to be 83 a.u. and 48 continuum orbitals
were used for each channel-angular momentum. At ener-
gies (0.75 Ry, the calculations were limited to partial
waves with angular momentum from I.=0 to 9 only. At
energies & 0.75 Ry, a few more higher partial waves were
needed to ensure convergence. The T-matrix elements
from these higher partial waves were obtained by extra-
polation and by using a simple expression derived from
partial-w ave Born approximation:
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where u is the dipole polarizability of the ground-state
hydrogen, while k is the energy.

The detailed theory connecting the various parameters
involved (such as asymmetry and polarization) in the gen-
eral case, as established by Burke and Schey [8] and
Kleinpoppen [18],has given the results we use for atomic
hydrogen. An up-to-date survey will be found in the re-
cent reviews by Hanne [19] and Kessler [20]. The asym-
metry is defmed as the difference in the cross sections for
spin-parallel and spin-antiparallel scattering, for a
specific transition, normalized by the sum of the cross
sections. For i to j transition

(3)
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FIG. 1. Variation of (a) the 2 &, &, (90', k ) parameter; (b) elas-
tic differential cross sections at an angle of 90' as functions of in-
cident electron energy (in eV). (a), the three-state CC ap-
proximation [8,9]; —————,the Is-2p pseudo-state calculation
of Fon, Burke, and Kingston [10];"",the algebraic variational
pseudo-state close-coupling [7]; ~, the experiments of Fletcher
et al. [S]. (b) Same as (a) except the experiments belong to Cal-
laway and Williams [7] and Williams [6].

where /T; ( g 1) is the differential cross section for the pro-
cess when the spins are antiparallel, o,, ( 1' 1) is the
differential cross section when the spins are parallel,
while k, is the energy in the initial channel (in rydbergs).
In terms of the direct f;&(O, k; ) and exchange g,"(g,k, )

amplitudes we have

(S)

where we have suppressed the energy and angular depen-
dence.

The ratio r; of triplet to singlet cross sections for the
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transition i ~j is

r,, =o,, (s =1)/o„(s =0)

so that the spin asymmetry can be written as

A, .(O, k, )=(1—r, )/. (1+3r, ) .

Alternatively we can write

kz
o.(s =0) o—(s = 1)

o (s =0)+3o.(s =1)

(6)

(8)

III. RESULTS AND DISCUSSIONS

where —,'o.(s=0) is the spin-weighted contribution from
singlet scattering to the total differential cross section and
—,
' o (s = 1) is the corresponding triplet cross section.

at 685 energies ranging from 1 to 17 eV in order to depict
the detailed resonant structures of the observed profile on
the elastic differential cross sections and the A „„(O,k )

parameter as functions of electron energies. The calcula-
tions are computed at scattering angles of 30', 55', 70,
and 90'. To check the accuracy and consistency of the
calculations, the elastic differential cross sections and the
A „„(O,k ) parameter are also presented as functions of
scattering angle at a few energies (see Tables I and II and
Figs. 6—9).

A complete presentation of all the results of these cal-
culations would require publication of a very large table
giving the cross sections and the values of A „„(O,k ) as
functions of 685 energies. This is impractical. Therefore,
it has been decided to present here some illustrative re-
sults in graphical form. A numerical table of the results
by energies at 30', 55, 70', and 90' can be obtained on re-
quest from the authors [22].

e +H(ls)~e +H(ls) (9)

The 15-state R-matrix calculations of Pathak and co-
workers [13,14] and Fon, Aggarwal, and Ratnavelu [21]
have been extended to obtain the differential cross sec-
tions and the spin asymmetry A „&,(O, k ) for the transi-
tion

A. Elastic difFerential cross sections
and the A &, |,(90', k ) parameter as functions of energies

Figure 2 compares the three-state CC approximation
[8,9] and the 15-state R-matrix calculation on elastic
differential cross sections and A „„(90,k ) with the ex-

TABLE I. The 15-state R-matrix calculation of the elastic differential cross section in units of
ao sr '. (Figures in brackets denote the power of 10 by which the number should be multiplied. )

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

100
110
120
130
140
150
160
170
180

0.81 Ry

7.946
6.949
6.033
5.292
4.669
4.120
3.624
3.178
2.784
2.442
2.150
1.901
1.688
1.506
1.350
1.219
1.110
1.023
9.528 [ —1]
8.603 [ —1]
8.218 [ —1]
8.282 [ —1]
9.663 [ —1]
9.234 [ —1]
9.896 [ —1]
1.051
1.094
1.109

0.8823 Ry

7.962
6.978
6.024
5.249
4.592
4.014
3.495
3.031
2.626
2.278
1.984
1.735
1.526
1.349
1.200
1.076
9.745 [ —1]
8.931 [ —1]
8.292 [ —1]
7.448 [—1]
7.074 [ —1]
7.074 [ —1]
7.321 [ —1]
7.705 [ —1]
8.162 [—1]
8.602 [ —1]
8.911 [ —1]
9.015 [ —1]

1.00 Ry

8.190
7.022
5.958
5.106
4.392
3.776
3.238
2.770
2.370
2.033
1.754
1.522
1.330
1.170
1.037
9.261 [ —1]
8.357 [ —1]
7.628 [

—1]
7.047 [ —1]
6.238 [ —1]
5.802 [ —1]
5.655 [ —1]
5.700 [ —1]
5.868 [ —1]
6.110 [—1]
6.349 [ —1]
6.495 [ —1]
6.534 [ —1]

1.21 Ry

8.240
6.952
5.784
4.855
4.086
3.429
2.865
2.385
1.987
1.663
1.403
1.197
1.031
8.958 [—1]
7.853 [ —1]
6 952 [—I ]
6.228 [ —1]
5.652 [ —1]
5.196 [ —1]
4.548 [ —1]
4.152 [ —1]
3.935 [ —1]
3.821 [ —1]
3.775 [ —1]
3.788 [ —1]
3.820 [ —1]
3.823 [ —1]
3.813 [ —1]
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periments (Williams [6], Callaway and Williams [7], and
Fletcher et al. [5]). In Fig. 2(a), it is observed that both
calculations lie well within the experimental limits of the
measurements on the spin asymmetry A &, &, (90', k ) over
the entire energy range from 6 to 15 eV. The 15-state R-
matrix calculation on A „„(90,k ) exhibits distinct res-
onant structures at the neighborhood of the n =2 excita-
tion threshold. The indication of resonant characteristic
is also shown by the three-state CC calculation [8,9]
which would have echoed with a similar resonant profile
if calculations were to be carried out at more energy
points. The resonances with broad widths 'S' and 'D'
are clearly shown at the positions 9.557 and 10.126 eV.
In Fig. 2(b), the elastic differential cross section
represented as a function of energy reflects similar reso-
nant structures at the vicinity of the n =2 excitation
threshold in confirmation of the observation of these res-
onances.

In Fig. 2(a), the 15-state R-matrix calculation on
A „„(90,k ) indicates significant resonant structures at
n =3 and 4 excitation thresholds. Similar resonant
features (although in a very much reduced magnitude)
are also weakly refiected in Fig. 2(b) by the 15-state R-
matrix calculation of elastic differential cross sections.
To identify the resonances lying below and converging on
the n = 3 hydrogen threshold, we magnify the profiles of

the 15-state R-matrix calculation, over the energies rang-
ing from 0.85 to 0.9 Ry, on the spin asymmetry
A &, &, (90,k ) in Fig. 3(a) and the elastic differential cross
sections in Fig. 3(b). Again, the qualitative shape of the
two curves shows remarkable resemblance to each other.
Resonances 'S', 'D', 'S', 'D', and '6' which have
widths greater than 4.0X10 Ry are predicted by both
curves at 0.8620, 0.8681, 0.8845, 0.8864, and 0.8875 Ry.
The absence of the P-wave resonances is noted.

B. Elastic differential cross sections
and the A „&,( 8, k 2) parameter
at scattering angles other than 90

Figures 4 and 5 compare the profiles of the 15-state R-
matrix calculations for the A&, &, (O, k ) parameter with
those of the elastic differential cross sections obtained
from the same R-matrix calculation and the experimental
yield on the measurement of the elastic cross sections at
scattering angles of 30', 55', 70, and 90 performed by
Warner, Rutter, and King [ll]. The following features
are observed: (i) in all cases considered here, the
A„„(8,k ) parameter as a function of energy exhibits

TABLE II. The 15-state R-matrix calculation on the spin asymmetry A„&,(O, k ). (Figures in
brackets denote the power of 10 by which the number should be multiplied. )

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

100
110
120
130
140
150
160
170
180

0.81 Ry

—1.89 [ —1]—2.02 [ —1]—2.15 [ —1]—2.26 [ —1]—2.35 [ —1]—2.44 [ —1]—2.51 [ —1]—2.58 [ —1]—2.64 [ —1]—2.69 [ —1]—2.73 [ —1]—2.76 [ —1]—2.78 [ —1]—2.79 [—1]—2.78 [ —1]—2.77 [ —1]
—2.74 [ —1]—2.69 [ —1]—2.62 [ —1]—2.37 [ —1]—1.99 [ —1]—1.55 [ —1]—1.06 [ —1]—6.13 [ —2]
—2.67 [ —2]—423 [ —3]

8.81 [ —3]
1.36 [—2]

0.8823 Ry

—1.82 [ —1]
—1.93 [ —1]—2.06 [ —1]—2.17 [ —1]
—2.27 [ —1]
—2.36 [ —1]—2.45 [ —1]
—2.53 [ —1]
—2.61 [ —1]—2.68 [ —1]
—2.75 [ —1]—2.80 [ —1]
—2.84 [ —1]—2.88 [ —1]—2.90 [ —1]
—2.90 [ —1]—2.89 [ —1]—2.85 [ —1]—2.78 [ —1]—2.54 [ —1]
—2.15 [ —1]—1.68 [ —1]—1.15 [ —1]—6.26 [ —2]
—2.12 [ —2]

605 [ —3]
2.19 [ —2]
2.78 [—2]

1.00 Ry

—1.80 [ —1]
—1.93 [ —1]—2.06 [ —1]—2.17 [ —1]—2.27 [—1]—2.37 [ —1]—2.46 [—1]—2.55 [—1]—2.63 [—1]—2.70 [ —1]—2.77 [ —1]—2.82 [ —1]—2.87 [ —1]—2.90 [ —1]—2.92 [ —1]
—2.93 [ —1]—2.92 [ —1]—2.88 [ —1]—2.81 [ —1]—2.55 [ —1]—2.15 [ —1]—1.66 [ —1]—1.12 [ —1]
—601 [ —2]
—2.01 [ —2]

7.61 [—3]
2.78 [ —2]
3.70 [ —2]

1.21 Ry

—1.61 [ —1]—1.72 [ —1]
—1.84 [ —1]
—1.95 [ —1]—2.07 [ —1]—2.19 [ —1]—2.31 [ —1]
—2.44 [—1]—2.56 [ —1]—2.68 [ —1]—2.80 [ —1]—2.89 [ —1]
—2.98 [ —1]
—3.05 [ —1]—3.10 [ —1]—3.14 [—1]—3.15 [ —1]—3.13 [ —1]—3.07 [ —1]—2.83 [ —1]—2.42 [ —1]—1.85 [ —1]—1.13 [ —1]—3.73 [ —2]

2.67 [ —2]
7.60 [ —2]
1.15 [ —1]
1.32 ]—1]
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rapid variation in the close vicinity of the resonances; (ii)
only at scattering angle 90' as seen in Figs. 4(d) and 4(e),
the qualitative shape of the profiles belonging to the
A &, &, (H, k ) parameter and elastic differential cross sec-
tions shows remarkable resemblance to each other. How-
ever, this resemblance is not carried over to other angles
at 30, 55, and 70; (iii) the 15-state 8-matrix calculation
on the cross section reproduces the detailed profile of the
experimental measurements made by Warner, Rutter,
and King [11] at scattering angles 30', 55, 70, and 90'.
At 90, the P-wave resonances are suppressed and only

the 'S' and 'D' resonances of broad widths are observed
at 0.7024 and 0.7442 Ry on both the experimental and
theoretical curves. At 55, the 'D' resonance at 0.7442
Ry is suppressed and only the 'S' and P' resonances
show up at 0.7024 and 0.7159 Ry on the cross-section
profile; (iv) the calculated profiles of A i, &, (0,k ) at
scattering angles of 30, 55, and 70 predict correctly all
the three resonances 'S', P', and 'D' at 0.7024, 0.7159,
and 0.7442 Ry without discrimination. The experimental
observation of these resonances reported by Warner,
Rutter, and King [11]is reconfirmed.
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FIG. 2. Variation of (a) the 2 &, &, (90', k ) parameter; (b) elas-
tic differential cross sections at a scattering angle of 90' as func-
tions of incident electron energy (in eV). (a), the 15-state
R-matrix calculation; ———,the 1s2s2p three-state CC calcu-
lation [8,9]; ~, the experiments of Fletcher et al. [5]. (b) Same
as (a) except the experiments belong to Callaway and Williams
[7) and Williams [6].

FIG. 3. Variation of (a) the A &, &, (90,k ) parameter; (b) elas-
tic differential cross sections at a scattering angle of 90' as func-
tions of incident electron energy (in Ry). The legend for the
data is the same as in Fig. 2. Resonances 'S', 'D', 'S', 'D', and
'6' with widths greater than 4.0X10 Ry are indicated at po-
sitions with increasing energies 0.8620, 0.8681, 0.8845, 0.8864,
and 0.8875 Ry.
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FIG. 4. Variation of the
A&, &, (O, k ) parameter and elas-
tic differential cross sections as
functions of incident electron en-
ergy at fixed angles. (a), (d) 15-
state R-matrix calculation on
A„„(O,k ) at 55' and 90; (b),
(e) 15-state R-matrix calculation
on elastic differential cross sec-
tions at 55' and 90', (c), (f) exper-
imental measurements on elastic
differential cross sections by
Warner, Rutter, and King [11]
at 54 and 90 .
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C. Elastic differential cross section
and the spin asymmetry A &, &, (H, k )

expressed as functions
of scattering angles at a Sxed energy

In Figs. 6 and 7, the spin asymmetry and elastic
differential cross section are expressed as functions of
scattering angles at a 6xed energy. In order to examine
the general behavior of the pro6les, calculations are car-
ried out at energies ranging from 0.1 to 0.81 Ry.

Figure 6 compares the calculation of A „„(O,k ) pa-
rameter obtained from the three-state CC method [8,9]
with those derived from the 15-state R-matrix calcula-
tion. The general profiles for the A„„(O,k ) obtained
from both methods show the development of a minimum
starting from 20 at 0.3 Ry as seen in Fig. 6(e) and the po-
sition of the minimum slowly shifts to larger angle 65 at
0.81 Ry [see Fig. 6(a)]. Except at k =0.7 Ry, the profile
of the Ai, „(O,k ) deviates from the general pattern.
This unusual behavior is attributed to the presence of a
'5' resonance at 0.7024 Ry.

At energies k =1.0 Ry, the minimum of A i, i, (O, k )

obtained from the three-state CC method [8,9] reaches as

far as the angle 8S'. As energy increases further, the po-
sition of this minimum of A i, i, (O, k ) slowly shifts back
to a smaller angle. It is the turning around property of
the minimum of A„„(O,k ) which causes the value of
A „„(90',k ) to rise up over the energies ranging from
1.0 to 2.25 Ry and is instrumental to the subsequent
agreement between the three-state CC calculation [8,9]
and the measurement of Fletcher et al. [5] as shown in
Fig. 1(a). This turning around property in this energy
range is not obvious in the calculations which include
pseudo-states in the close-coupling expansion (e.g., Calla-
way and Williams [7] and Fon et al. [23]).

Another interesting feature observed in the comparison
between the three-state CC approximation [8,9] and the
15-state R-matrix calculation on the spin asymmetry (see
Fig. 6) and the elastic differ en'ti al cross sections (see Fig.
7) is that they are in remarkably good agreement with
each other especially in the case of elastic cross section.
Remarkable in the sense that they are both formulated in
the close-coupling framework; the three-state CC calcula-
tion [8,9] is a simple calculation which includes only ls,
2s, and 2p orbitals, while the 15-state R-matrix calcula-
tion includes 15 target orbitals (n =1, 2, 3, 4, and 5) in
the close-coupling expansion. The close agreement be-
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for the 15-state R-matrix calculation at G.8823 Ry show-
ing deviation from the experiments in the forward direc-
tion. As the impact electron energy decreases, the un-
derestimation of the experiments by the 15-state R-
matrix calculation becomes more and more noticeable at
the forward direction.

An electron incident on an atom in a nondegenerate-
wave S ground state moves in a potential which has the
asymptotic form

V(r)— CX

r~ oo 27'
(10)

0.1 5

0.1

0.05

0

~ -0.05

E
—0.1

—0.1 5

-0.2
—0.25

—0.3

in atomic units, where a is the dipole polarizability. In
the close-coupling approximation, the three-state CC cal-
culation [8,9] accounts for only 66% of the ground-state
dipole polarizability while 81.4%%uo of a for atomic hydro-
gen comes from the discrete spectrum. The omission of
the continuum states from the close-coupling expansion
is responsible for underestimation of the elastic
differential cross section in the forward direction. This
explains the fact that the three-state CC approximation
[8,9) and the 15-state R-matrix calculation on the elastic
cross section underestimate the experimental values at
small angles.

The excellent agreement obtained by the three-state
CC approximation [8,9] and the 15-state R-matrix calcu-
lation with the experimental measurements on elastic
cross sections at angles ~40 indicates that the three-
state CC approximation [8,9] is essentially adequate to
describe the short-range interaction which affects mainly
the scattering at larger angles. The 15-state R-matrix cal-
culation on elastic cross sections is therefore to be expect-
ed to be close to the three-state CC approximation [8,9]
at this angular range.

Figure 9 compares the present calculation of the spin
asymmetry A&, &, (O, k ) with those of the three-state CC

approximation [8,9], the algebraic variational pseudo-
state close-coupling method [7], and the nine-state R-
matrix calculation of Fon et al. [23]. The following facts
are observed: (i) The close agreement between the calcu-
lations on elastic differential cross sections as seen in Fig.
8(a) is not refiected here in the comparison of the calcula-
tions on the A „„(O,k ) parameter by the same theoreti-
cal methods. The substantial differences between the cal-
culated values on A„„(O,k ) parameter indicate that
the demand for an accurate description of short-range
forces by the calculation of the A &, &, (O, k ) parameter is
even more stringent than that required for the calculation
of spin-averaged elastic differential cross section. (ii) The
calculations are divided into two mutually exclusive sets:
(a) the nine-state R-matrix calculation [23] with the cou-
pling of the pseudo-states agrees very well with the alge-
braic variational pseudo-state close-coupling method of
Callaway and Williams [7]; (b) the present 15-state R-
matrix calculation which includes only the physical tar-
get states of atomic hydrogen is in good accord with the
three-state CC approximation [8,9]. Judging from the
good agreement between the three-state CC calcu1ation
[8,9] and the measurement of Fletcher et al. [5] for the
values of A &, &, (90,k ) as shown in Fig. 1(a), it may be
construed that spin exchange takes place when the in-
cident electron and the atomic electron are in close en-
counter where short-range forces predominate. The dis-
tortion of the exchange force arising from the coupling of
pseudo-states does not seem to predict correctly the ex-
perimental values of the spin asymmetry.

IV. CONCLUSION

A 15-state R-matrix calculation on elastic difFerential
cross sections and spin asymmetry have been carried
out at 685 energies and over a wide range of angles. We
are satisfied with the following conclusions: (i) the
A &, &, (O, k ) parameter is more sensitive to the presence
of resonances than the spin-averaged elastic difFerential
cross sections; (ii) the 15-state R-matrix calculations on
elastic differential cross sections in agreement with the
three-state CC approximation predict correctly the ex-
perimental values measured by Callaway and Williams
[7] except at small scattering angles where the underes-
timation is attributed to their inability in calculating the
ground-state dipole polarizability correctly by not includ-
ing continuum-states into the close-coupling expansion.
However, we have sufticient evidences to suggest that the
calculation on the spin asymmetry by the 15-state R-
matrix method in which only physical atomic states are
included in the close-coupling expansion is essentially
correct. Further experiments and theoretical calculations
are needed to verify this.

—0.35
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FIG. 9. The spin asymmetry A„„(O,k ) as a function of
scattering angle (in deg) at energy 16.51 eV (k =1.21 Ry). The
legend for the data is the same as in Fig. 8.
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