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Low-energy total and difFerential cross sections for the electron-impact excitation of Si + and Ar +
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The total and angular dift'erential excitation cross sections for the transitions 3s 'S~3s3p P,
3s 'S~3s3p P, and 3s3p P~3s3p 'P in the Mg-like ions Si + and Ar + are determined in the thresh-
old energy region using the close-coupling R-matrix method. The total cross sections for all three transi-
tions in both ions exhibit strong resonance structures near threshold. We focus our analysis on the an-

gular distribution of the scattered electrons. The difFerential cross sections are found to undergo rapid
and strong variations when the incident energy is tuned through the autoionizing resonance transitions.
In Ar +, we also examine the angular distribution of the scattered electrons associated with the non-
resonant background cross sections for the two transitions from the ground state. For the dipole-
allowed transition, the electrons are preferentially backscattered near the excitation threshold; however,
the fraction of electrons scattered in the forward direction increases dramatically with energy. The cor-
responding behavior for the spin-forbidden transition is quite different. We discuss the implications of
these results to possible excitation measurements in which the scattered electrons are collected.

PACS number(s): 34.80.Kw

I. INTRODUCTION

The recent development of both crossed-beam experi-
ments [1—3] to measure fixed-angle differential cross sec-
tions and merged-beam experiments [4,5] to measure
integrated-angle total cross sections promises to provide
interesting tests of the theoretical many-body methods
used to calculate electron-ion excitation processes. Al-
though the number of theoretical calculations of angle-
dependent cross sections in electron-atom collisions is
vast [6], due mainly to the many detailed experimental
studies, there have been relatively few calculations of
differential excitation cross sections in electron-ion col-
lisions [7—10]. However, since information regarding the
angular distribution of electrons is needed for the proper
interpretation of the new generation of electron-ion ex-
periments which collect the scattered electrons, it is im-
portant to consider not only total excitation cross sec-
tions for multiply charged ions, but also angular
differential cross sections.

In this paper we present low-energy excitation cross
sections, obtained using the close-coupling R-matrix
method for the three transitions 3s 'S —+3s 3p P,
3s 'S~3s3p 'P, and 3s3p P —+3s3p 'P in the Mg-like
ions Si + and Ar +. These cases were chosen because of
the interesting and dominant resonance structure in the
threshold region for the spin-forbidden transition
3s 'S~3s3p P in Si +, observed in earlier calculations
on this ion [11],and because of possible excitation mea-
surements for these ions in the threshold region [12].

In Si +, a 12-state close-coupling calculation is per-
formed similar to that of Baluja, Burke, and Kingston
[11], while in Ar, comparable accuracy is obtained
from a smaller 8-state close-coupling expansion. Using

these results, we find that the angular distribution of scat-
tered electrons is strongly inAuenced by the pronounced
resonance structures in the threshold region for all three
transitions in both ions. In addition, for the two transi-
tions from the 3s 'S ground state in Ar +, we eliminate
the resonance contributions by performing simple 2-state
calculations. In this way we study the angular distribu-
tion of scattered electrons associated with the back-
ground cross sections and find that the variation in angu-
lar scattering with electron energy for the dipole-allowed
transition is quite different from that of the spin-
forbidden transition. The importance of these results to
possible merged-beam experiments is discussed.

The remainder of this paper is arranged as follows: In
Sec. II we give a summary of the theoretical methods em-
ployed. In Sec. III we discuss the details of the numerical
calculations, present results for both total and angular
differential cross sections, and analyze the angular distri-
bution of the scattered electron. Finally in Sec. IV, we
provide a brief summary of the results and their implica-
tions.

II. THEORETICAL METHODS

The R-matrix method [13] provides an efficient means
for solving the close-coupling equations. This method is
especially advantageous for calculating electron-impact
excitation cross sections for transitions where strong res-
onance structures are present and a large number of ener-
gies is required to resolve these structures. For this work
we employed the R-matrix programs developed for the
Opacity Project [14].

In these calculations the latest set of Fischer's
multiconfiguration-Hartree-Fock (MCHF) programs [15]
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was used to generate the bound radial orbitals. Like a
number of other programs used to calculate bound-state
radial wave functions, these codes allow for the genera-
tion of nonspectroscopic pseudo-orbitals. Such orbitals
can be used to represent configuration interaction with a
large number of highly excited configurations, through
the inclusion of a relatively small number of pseudostates.
In addition, scattering calculations normally require a
unique set of radial wave functions for all configurations
included in the basis expansion, yet, especially in low-

charge-state ions, such wave functions can vary
significantly from one configuration to the next. The ad-
dition of states containing pseudo-orbitals to the basis-set
expansion can be used to represent such orbital relaxa-
tion effects.

A primary emphasis in the present work is the use of
differential cross sections to determine the angular distri-
bution of scattered electrons. In LS coupling, the angu-
lar differential cross section for excitation from an initial
term a; L;S; to a final term a&L&SI is given by
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where ~ and L are the parity and total angular momen-
tum of the (N + 1)-electron system and T is an element of
the T matrix, which is related to the S matrix and the K
matrix by the equation

2iK
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(3)

In this case, the K matrix is generated from the R-matrix
programs. The differential cross sections were calculated
using a program we developed [9], which is similar to the
one written earlier by Salvini [16].

In addition to differential cross sections, it is also useful
to consider the partial angular cross section o (8f),
which from 0 to a final angle 0& is defined by the equation
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We can then define the partial-cross-section fraction as

where k; is the linear momentum of the incident electron;
l; and lI are the orbital angular momenta of the incident
and scattered electrons, respectively; o.

I is the Coulomb
phase shift; and p is employed to represent the quantum
numbers MLS associated with each term. The sums are
performed over the multipolar-expansion parameter A, ;
the free-electron angular momenta I; the momentum-
transfer quantum number j, employed by Salvini [16];
and the total-spin quantum number S of the (N+ 1)-
electron system. Finally, the function M(p; l; pflfj, S ) is
defined by the equation
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the partial angular cross section divided by the total cross
section. As will be seen, these fractions are quite useful
in analyzing the angular distribution of scattered elec-
trons.

III. RESULTS

In earlier work, Baluja, Burke, and Kingston [11]
determined the collision strength for the 3s 'S~3s3p p
spin-forbidden transition in Si + and in [17] they deter-
mined effective collision strengths, averaged over a
Maxwellian distribution of electrons, for transitions
among the 12 lowest terms of this ion. For these calcula-
tions, they used scattering matrices generated from a 12-
state R-matrix close-coupling calculation, which em-
ployed an elaborate set of configuration-interaction target
wave functions determined by Baluja and Hibbert [18];
their bound-state basis set was found to provide energies
in good agreement with experimental values, and also
length and velocity oscillator strengths which are close to
each other, as well as those of Victor, Stewart, and
Laughlin [19]. In order to generate total and differential
cross sections for the transitions among the lowest three
terms of Si +, we have performed similar calculations.

The orbitals and configuration-interaction expansions
used to generate the bound-state wave functions, which
were used in the calculations for Si + reported here, are
described in Table I. With the exception of the 4d, 4f,
and Ss pseudo-orbitals, all other orbitals are spectroscop-
ic and were generated from single-configuration-Hartree-
Fock (SCHF) calculations; the pseudo-orbitals were
determined from a set of MCHF calculations. We also
generated another basis set identical to the one described
in Table I, except that no pseudo-orbitals were employed
and the 4d, 4f, and 5s orbitals were generated from
SCHF calculations for the 3s4d 'D, 3s4f 'F, and 3s5s 'S
terms, respectively. We settled on the use of the orbital
set described in Table I, primarily because it provided
better agreement with the experimental energies for the
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TABLE I. Configuration-interaction expansions for 12-state R-matrix close-coupling calculations in Si (69 terms). The 1s, 2s,
2p, and 3s orbitals were generated from a SCHF calculation for the term 3s 'S, while the 3p, 3d, 4s, and 4p orbitals were generated
from SCHF calculations for the terms 3s3p 'P, 3s3d 'D, 3d4s 'S, and 3s4p 'P, respectively, with all other orbitals frozen. The 4d—2
pseudo-orbital was determined from a MCHF calculation for S, (not including the 4f or 4s5s configurations), with all other orbitals
frozen; the 4f pseudo-orbital was determined form a MCHF calculation for D, (not including the 3d5s configuration), with all other
orbitals frozen; and the 5s pseudo-orbital was determined from a MCHF calculation for P„with all other orbitals frozen. The 5s
pseudo-orbital was employed to partially correct the 3snl states for the difference between the 3s orbital in 3s and 3snl.

'S,
S,

1,3p0
'D,

3D
3p

Configurations

3s, 3p, 3d, 3s4s, 3p4p, 3d4d, 4s, 4p', 4d, 4f, 4s5s
3s4s, 3p4p, 3d4d, 4s5s
3s3p, 3p3d, 3s4p, 3p4s, 3p4d, 3d4p, 3d4f, 3p5s, 4s4p, 4p4d, 4d4f, 4p5s
3s3d, 3p, 3d, 3s4d, 3p4p, 3p4f, 3d4s, 3d4d, 3d5s, 4s4d,
4p, 4p4f, 4d, 4f
3s3d, 3d4d, 3p4p, 3p4f, 3d4s, 3d4d, 3d5s, 4s4d, 4p4f
3p, 3di, 3p4p, 3d4d, 4p, 4d, 4f

3s3p 'P term, as well as the 3s3d 'D term.
Configuration-interaction expansions involving the 69

I.S terms listed in Table I resulted in the energies for the
lowest 12 terms of this ion shown, in comparison to the
experimental energies [20], in Table II. These are the 12
terms that were employed in the close-coupling expan-
sion for the scattering problem. As can be seen, the
agreement with experiment is, in general, quite good and
comparable to the results obtained by Baluja and Hibbert
[18]. In Table III we show the results for length and ve-
locity oscillator strengths for the same transitions be-
tween those terms considered in Ref. [18]. The agree-
ment between the length and velocity values is quite good
for transitions from 3s 'S, 3s3p P, and 3s3p- 'P, and the
oscillator strengths from these terms are similar to those
obtained by Baluja and Hibbert [18]. Transitions from
the higher terms are not as satisfactory; however, since
we are interested in the electron-impact excitation be-
tween the lowest three terms, this should not present a
serious problem.

In the close-coupling R-matrix calculations presented
here, we included, in the bound-channel part of the
close-coupling expansion, the (N + 1 }-electron terms
which could be constructed by adding all orbitals to all

69 terms included in the ¹ lectron configuration-
interaction expansions, rather than just those that could
be constructed from the 12 terms included in the close-
coupling expansion. This is often done in close-coupling
calculations in order to increase the correlation within
the (N+1}-electron problem. Indeed, a comparison of
calculations with and without this extra correlation
demonstrated the sensitivity of the resonance structure to
its inclusion. When the configuration-interaction expan-
sions include pseudo-orbitals, as they do here, this pro-
cedure leads to pseudoresonances; however, these were
found to occur high above the energy range of interest.

Partial waves up to a total angular momentum of 12
were included in our calculation, and a top-up procedure
was employed for the dipole-allowed transition [21]. As a
check on our calculation, we first determined the col-
lision strength for the 3s 'S~3s3p P transition and
compared it to the collision strength determined by Balu-
ja, Burke, and Kingston [11]. The agreement between
these two calculations is excellent with respect to both

TABLE III. Absorption oscillator strengths for transitions in
Si2+

Number

1

2
3
4
5

6
7
8
9

10
11
12

Term

3s' 'S
3s3p P
3s3p 'P
3p 'D
3p P
3s3d D
3s4s S
3p 'S
3s4s 'S
3s3d 'D
3s4p 3P

3s4p P

Theory

0.00
6.38

10.28
14.93
15.95
17.51
18.88
19.04
19.56
20.53
21.44
21.64

Experiment
(Ref. [20])

0.00
6.56

10.28
15.15
16.10
17.72
19.02
19.03
19.72
20.55
21.73
21.88

TABLE II. Energies (eV) for the terms included in the 12-
state close-coupling expansion in Si + relative to the 3s 'S
ground state.

Number

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Transition

3s2 'S —3s3p 'P
3s 'S —3s4p 'P
3s3p'P —3p 'P
3s3p 'P —3s3d 'D
3s3p P —3s4s 'S
3s3p 1P —3p2 1D

3s3p 'P —3p 'S
3s3p 'P —3s4s 'S
3s3p 'P —3s3d 'D
3p 'D —3s4p 'P
3p P —3s4p P
3s3d D —3s4p P
3s4s S—3s4p P
3p' 'S —3s4p 'P
3s4s 'S —3s4p 'P
3s3d 'D —3s4p 'P

1.7099
0.0111
0.5780
0.8966
0.0995
0.0434
0.2630
0.0577
1.8091
0.1452
0.0005
0.1916
1.3144
0.0485
0.8667
0.0423

1.6838
0.0104
0.5715
0.8536
0.0924
0.0482
0.2554
0.0482
1.8117
0.0654
0.0000
0.1017
0.9090
0.0513
0.7876
0.1566

Oscillator strengths
Length Velocity
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FIG. 1. Cross section for the 3s 'S~3s3p 'P excitation in

Si + from a 12-state R-matrix close-coupling calculation.

the position and the magnitude of the pronounced reso-
nance structures. It is reassuring that, despite the fact
that the bound-state wave functions were generated using
quite different techniques, and there are some detectable,
although small, differences in the energies and oscillators
strengths, the collision strengths are nearly identical.

As a further test of the sensitivity of the calculations to
the bound-state wave functions, we also determined the
total cross sections for the three transitions reported in
this paper using our other basis set, which involved only
spectroscopic orbitals. Although there were some very
slight differences between the two sets of calculations
with respect to the position and size of individual reso-
nances, these discrepancies are far too small to have any
significant effect on the principal conclusions of this
work. The greatest uncertainty with respect to these cal-
culations is probably due to the sensitivity of the reso-
nance structure to the amount of correlation included
within the (%+1)-electron system, as mentioned in the
last paragraph.
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FIG. 2. Angular differential cross sections for the 3s 'S~3s3p 'P excitation in Si'+ at energies of (a) 6.6, (b) 7.0, and {c)8.1 eV.
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Our calculated total cross section for the
3s 'S~3s3p P transition is shown in Fig. 1. The strong
resonance structure in the threshold region was one of
the primary reasons for our interest in this particular ion.
It presents the opportunity for detailed measurements of
these resonances using the merged-beam energy-loss tech-
nique [4,5] and such an experiment would provide a
much needed test of theory.

However, since these experiments must detect the scat-
tered electrons, knowledge of the angular distribution of
the electrons is very important. Therefore, we made a
series of differential-cross-section calculations throughout
the threshold region. The results for three selected ener-
gies are shown in Fig. 2. The first curve corresponds to
the peak of the broad resonance near threshold, the
second to the dip in the cross section at 7.0 eV, and the
third to the large peak, just about 8.0 eV. As can be seen,
the variation in the shape of these cross sections is quite
pronounced as one moves through the various reso-
nances.

In addition, values of partial-cross-section fractions,

defined in Sec. II, are plotted in Fig. 3 as a function of the
final angle 8f for the same energies as those employed in
Fig. 2. In the upper portion of Table IV, we also give the
partial-cross-section fractions for this transition, corre-
sponding to Anal angles of 90 and 130' for five energies in
the threshold region, including the three energies used to
generate Figs. 2 and 3. These plots and the table entries
clearly demonstrate how the fraction of electrons scat-
tered through a given range of angles changes dramati-
cally with energy in the resonance region. This should be
expected since the angular distribution of Auger elec-
trons emitted from the various (N+1)-electr on resonant
terms will depend on the magnetic states populated dur-
ing the recombination process.

This variation in scattering angle has important impli-
cations for experiments designed to measure electron-
impact excitation cross sections in the resonance region.
It may be difficult to capture all the scattered electrons in
merged-beam energy-loss experiments [4,5] when a large
fraction is backscattered in the rest frame of the ion.
Nonetheless, measurements of partial cross sections
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FIG. 3. Partial-cross-section fractions for the 3s 'S~3s3p P excitation in Si + at energies of (a) 6.6, (b) 7.0, and (c) 8.1 eV.



2876 D. C. GRIFFIN, M. S. PINDZOLA, AND N. R. BADNELL

TABLE IV. Partial-cross-section fractions (%) for 12-state
R-matrix close-coupling calculation in Si +.

16

Transition

3s 'S —3s3p P

3s 'S —3s3p 'P

Electron
energy (eV)

6.6
7.0
7.2
8.1

8.4

10.3
10.9
11.1
11.7
12.3

34.2
56.6
27.0
65.9
55.5

71.3
75.9
51.7
82.5
68.4

33.3
38.0
52.0
36.8
57.2

66.7
76.4
86.9
54.7
83.6

Fraction
0 —90 0' —130 f2

C)

O 8~~

Co

CO
co 4
O

Energy (eV)
3s3p P —3s3p 'P 3.8

4.4
4.5
5.1

5.7

51.9
56.0
65.3
66.0
47.7

67.7
77.0
76.6
85.3
77.9

FIG. 4. Cross section for the 3s 'S~3s3p 'P excitation in
Si + from a 12-state R-matrix close-coupling calculation.

would also be quite valuable. Their comparison with
theoretical partial cross sections would serve as an excel-
lent test of theory and they can be used in conjunction
with theoretical partial-cross-section fractions to generate
estimates for total cross sections. However, in light of
the rapid variations in the angular distributions depicted
in Figs. 2 and 3, this is true only if they can be accom-
panied by precise measurements of the angular range of
electrons detected.

In Fig. 4 we show the total cross section for the
3s 'S~3s3p 'P dipole-allowed transition in Si . Al-
though the resonance structure is not quite as strong as in
the spin-forbidden transition to 3s3p P, it is still quite
pronounced. In addition, it appears to include a number
of window resonances, indicating strong interference be-
tween the resonant states and the nonresonant back-
ground. This elan'ect was not visible for the
3s 'S~3s3p P transition because of the relative weak-
ness of the background cross section. Vr"e have also
determined differential and partial cross sections for this
transition, and values of the partial-cross-section frac-
tions at 90 and 130' for five energies in the threshold re-
gion are given in the middle portion of Table IV. Again,
the angular distributions vary significantly throughout
the resonance region, although not quite as dramatically
as in the case of the transition from the ground state to
the 3s3p P term.

In any experiment on Si +, a certain fraction of ions
will be in the 3s3p P metastable state. For that reason,
we also calculated the total cross section for the
3s3p P —+3s3p 'P spin-forbidden transition, and it is
shown in Fig. 5. Although the cross section is smaller
than for the other two transitions, it is completely dom-
inated by a strong resonance structure, and a measure-
ment of the cross section for this transition would pro-
vide an interesting test of the accuracy of the theoretical
calculation. However, as can be seen from the bottom
portion of Table IV, the variation in the angular distribu-

tion of electrons for this transition is significant, and al-
though it is somewhat less pronounced than for the other
two transitions, this would still provide a special chal-
lenge to such a measurement.

As part of extensive distorted-wave calculations for
Mg-like ions, Christensen, Norcross, and Pradhan [22]
determined collision strengths for transitions between a
number of lower-lying levels of Ar +. In these calcula-
tions some of the resonance contributions were included
by using quantum-defect theory and by including bound
channels in the (N+1)-electron expansion. We have car-
ried out R-matrix close-coupling calculations for Ar + in
order to determine the cross sections for the three transi-
tions discussed above for Si +. However, in this case, the
3s4s and 3s4p configurations are higher in energy, and
comparable accuracy can be achieved from an 8-state,
rather than a 12-state, calculation.

In Table V, we show the calculated energies of the
eight terms included in the close-coupling expansion in
comparison to experiment [20]. All the orbitals in this

O 4—
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0 3

I
Co
CO
CO

O
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4 5 6 7

Energy (eV)

FIG. 5. Cross section for the 3s3p P~3s3p 'P excitation in
Si + from a 12-state R-matrix close-coupling calculation.
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Number

1

2
3
4
5
6
7
8

Term

3~2 1S

3s3p P
3s3p 'P

21D

3p2 3P
3p2 1S

3s3d D
3d3d 'D

Theory

0.00
13.78
21.20
32.16
33.11
39.13
39.98
46.62

Experiment
(Ref. [20])

0.00
14.07
21.17
32.82
33.57

40.07
45.91

TABLE V. Energies (eV) for the terms included in the 8-state
close-coupling expansion in Ar + relative to the 3s 'S ground
state. The 1s, 2s, 2p, and 3s orbitals were determined from a
SCHF calculation for the term 3s 'S, while the 3p and 3d orbit-
als were determined from SCHF calculations for the terms
3s3p 'P and 3s3d 'D, respectively, with all other orbitals frozen.
The configuration-interaction expansions included the six terms
3p3d P, 3d P, 3p3d 'P, 3d 'S, and 3d 'D in addition to the
eight terms listed below.
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20 22 24 26 28 30
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32

FIG. 7. Cross section for the 3s 'S~3s3p 'P excitation in
Ar + from an 8-state R-matrix close-coupling calculation.

calculation were spectroscopic and were determined from
SCHF calculations. The configuration-interaction expan-
sions included the six terms listed above the table, in ad-
dition to the eight terms included in the close-coupling
expansion.

The R-matrix calculations were performed in a way
similar to that described above for Si +. The total cross
sections for the 3s 'S~3s3p P, 3s 'S~3s3p 'P, and
3s3p P ~3s3p 'P transitions are shown in Figs. 6, 7, and
8, respectively. As can be seen, the spin-forbidden transi-
tions are again dominated by a complex resonance struc-
ture. In the case of the dipole-allowed transition shown
in Fig. 7, the pronounced window resonances indicate
that interference between the resonant states and the
nonresonant background is still quite strong in this six-
times-ionized species.

From the 8-state calculation in Ar +, we also deter-
mined differential cross sections and partial-cross-section

fractions for these three transitions; we found that the
variation in the angular distribution of electrons, within
the resonance regions for this ion, is similar to that dis-
cussed above for Si +. However, it is also interesting to
consider how this angular distribution changes between
different kinds of transitions, with respect to the non-
resonant background cross section.

It would be very dificult to identify the background
contribution from the results of the 8-state calculation
because of the dominance of the resonance structures.
For this reason, we performed simple 2-state calculations
for the 3s 'S —+3s3@ 'P dipole-allowed transition and the
3s 'S —+3s 3p P spin-forbidden transition, since such cal-
culations cannot include any resonant contributions.
However, these should be considered model calculations
for the nonresonant contributions only and are not in-
tended to provide accurate angular distributions for these
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FIG. 6. Cross section for the 3s 'S~3s3p'P excitation in
Ar + from an 8-state R-matrix close-coupling calculation.

FIG. 8. Cross section for the 3s3p P~3s3p 'P excitation in
Ar from an 8-state R-matrix close-coupling calculation.
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FIG. 9. Angular differential cross section corresponding to
the nonresonant contribution to the 3s 'S~3s3p 'P excitation
in Ar + from a 2-state R-matrix close-coupling calculation at an
energy of 1.05 times the threshold energy.

FIG. 11. Angular differential cross section corresponding to
the nonresonant contribution to the 3s 'S~3s3p 'P excitation
in Ar + from a 2-state R-matrix close-coupling calculation at an
energy of 2.00 times the threshold energy.

transitions. The differential cross section for the dipole-
allowed transition at 1.05 times the threshold energy is
shown in Fig. 9. This is accompanied by a plot of the
partial-cross-section fraction in Fig. 10. As can be seen
from these plots, the electrons are preferentially back-
scattered near threshold with less than 20% of the elec-
trons scattered in the forward direction.

This type of angular distribution near threshold was
first observed in the differential cross section for the
3s ~3@ excitation in Ar +. We performed that particu-

lar calculation in response to indications of significant
backscattering in an energy-loss experiment for this tran-
sition in Ar + by Guo et al. , which has now been
confirmed with further measurements by that same group
[23]. In that case, partial-cross-section-fraction calcula-
tions indicated that less than 10% of the electrons are
scattered in the forward direction. Our differential-
cross-section calculation was performed using scattering
matrices generated from earlier 7-state R-matrix calcula-
tions [24] at energies where the resonant contributions
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FIG. 10. Partial-cross-section fraction corresponding to the
nonresonant contribution to the 3s 'S~3s3p 'P excitation in
Ar from a 2-state R-matrix close-coupling calculation at an

energy of 1.05 times the threshold energy.

FIG. 12. Partial-cross-section fraction corresponding to the
nonresonant contribution to the 3s 'S~3s3p 'P excitation in
Ar + from a 2-state R-matrix close-coupling calculation at an
energy of 2.00 times the threshold energy.
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FIG. 13. Angular differential cross section corresponding to
the nonresonant contribution to the 3s 'S—+3s3@ P excitation
in Ar from a 2-state R-matrix close-coupling calculation at an
energy of 1.05 times the threshold energy.

FIG. 15. Angular differential cross section corresponding to
the nonresonant contribution to the 3s 'S—+3s3p P excitation
in Ar + from a 2-state R-matrix close-coupling calculation at an
energy of 2.00 times the threshold energy.

were negligible. However, this same behavior was seen in
a distorted-wave calculation by Clark [25] and we also
performed distorted-wave calculations, with and without
exchange, and found the same characteristic backscatter-
ing. This indicates that such behavior in the angular dis-
tribution near threshold is independent of the effects of
continuum coupling and electron exchange.

However, there is theoretical [3,26] and experimental
[3] evidence that the electrons are primarily scattered in
the forward direction for the 3s ~3p transition in Ar
at high electrons energies. This is also true for the
dipole-allowed transition in Ar +. The differential cross

section and partial-cross-section fraction from our 2-state
calculation for this transition, at twice the threshold en-

ergy, are shown in Figs. 11 and 12, respectively. At this
energy, the electrons are scattered primarily in the for-
ward direction, with approximately 70%%uo of them scat-
tered at angles less than 90'.

The behavior for spin-forbidden transitions is quite
different from that seen for dipole-allowed transitions.
The differential cross section and partial-cross-section
fraction from our 2-state calculation for the
3s 'S~3s3p P transition at 1.05 times the threshold en-
ergy are shown in Figs. 13 and 14, respectively. We see
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FIG. 14. Partial-cross-section fraction corresponding to the
nonresonant contribution to the 3s 'S~3s3p 'P excitation in

Ar + from a 2-state R-matrix close-coupling calculation at an

energy of 1.05 times the threshold energy.

FIG. 16. Partial-cross-section fraction corresponding to the
nonresonant contribution to the 3s 'S~3s3p P excitation in
Ar + from a 2-state R-matrix close-coupling calculation at an
energy of 2.00 times the threshold energy.
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that the electrons are not nearly as backscattered as in
the case of the dipole-allowed transition, with just over
40% of the electrons scattered in the forward direction.
Similar plots at twice the threshold energy are shown in
Figs. 15 and 16. At this energy, the electrons are not
nearly as forward scattered as in the case of the dipole-
allowed transitions, with just over 30% scattered through
angles less than 90'. However, this angular distribution
may be difficult to observe experimentally; the non-
resonant contribution to the cross section is relatively
weak, and, as discussed above, the resonant contribution,
which dominates in the threshold region, will change the
angular distribution significantly.

IV. SUMMARY

We have carried out total and angular differential-
cross-section calculations for the 3s 'S —+3s 3p P,
3s 'S~3s3p 'P, and 3s3p P —+3s3p 'P excitations in
Si + and Ar + at low electron energies, using the close-
coupling R-matrix method. For the two spin-forbidden
transitions, the cross sections are dominated by the reso-
nance contributions; although not as dominant, these res-
onances are also important for the dipole-allowed excita-
tion. The differential cross sections and the partial-
cross-section fractions are found to be strongly affected
by the autoionizing resonance structures.

The final-state electrons corresponding to the non-
resonant contributions to the dipole-allowed transition

from the ground state in Ar + were found to be preferen-
tially backscattered at low energies, although the number
of electrons forward scattered increases dramatically with
energy; this behavior is similar to that found earlier for
Ar +. The spin-forbidden transition from the ground
state shows a quite different angular distribution as a
function of energy.

Further studies of electron-ion collisions which focus
on the angular distribution of scattered electrons are not
only important for a better understanding of the physical
processes involved, but are also necessary to help plan
and interpret possible excitation measurements, in which
the scattered electrons are collected. In the future we
plan to extend our calculations to heavier ions in the
Mg-like isoelectronic sequence.
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