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A B-spline R-matrix �close-coupling� method has been used to perform a systematic study of angle-
differential cross sections for electron scattering from neutral magnesium. The calculations cover elastic scat-
tering and excitation of the five excited states �3s3p� 3,1Po, �3s3d� 1D, �3s4s� 1S, and �3s4p� 1Po. A multicon-
figuration Hartree-Fock method with nonorthogonal orbitals was employed for an accurate representation of
the target wave functions. The close-coupling expansion for the collision problem included 37 bound states of
neutral magnesium. Angle-differential cross sections are presented for incident electron energies from 10 to
100 eV. These results, as well as the corresponding angle-integrated cross sections, are compared with various
experimental data and predictions from other close-coupling and distorted-wave calculations. In spite of a few
remaining discrepancies, the overall agreement between our results and the experimental data is very
satisfactory.
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I. INTRODUCTION

Several sets of experimental measurements of differential
cross sections �DCSs� for electron scattering from neutral
Mg were published recently �1–6�. Along with earlier works
�7–9� they provide an excellent opportunity to test various
state-of-the-art theoretical methods employed for the calcu-
lation of electron-atom collision processes. For example,
relative DCSs for elastic scattering and excitation of the
�3s3p� 1Po and �3s3p� 3Po states at 20 and 40 eV were pre-
sented by Brown et al. �1,2�. The data were compared with
predictions obtained by the convergent close-coupling �CCC�
and R-matrix with pseudostates �RMPS� methods. The good
agreement between experiment and theory regarding the an-
gular dependence of the DCS gave some confidence in put-
ting the experimental data on an absolute scale by normal-
ization to theory. These calculations, along with a study of
the electron-induced resonance transition �3s2� 1S
→ �3s3p� 1Po �9�, are the only extensive close-coupling �CC�
calculations available for e-Mg collisions.

Most of the recent measurements, on the other hand, were
compared with results from either first-order perturbative
calculations �10,11� or earlier close-coupling models �12,13�.
The small CC expansions used in the latter are unlikely to
provide reliable results, except for very low or relatively
high energies, i.e., cases where the dominant coupling occurs
only between a few channels or channel coupling is small
altogether. Indeed, serious discrepancies between experiment
and theory, for example, for excitation of higher-lying states
such as �3s4s� 1S and �3s4p� 1Po at 10 and 15 eV �5�, call for
more extensive theoretical studies of electron scattering from
Mg.

Most previous calculations were devoted to selected indi-
vidual transitions and a few energies. The purpose of the
present work, therefore, is to provide a comprehensive set of
results that covers essentially all recent experimental data.
This systematic comparison of available experimental and
theoretical results makes it possible to assess the accuracy of
the existing data and to search for possible sources of the
discrepancies between experiment and theory. The present
calculations were performed with an extended version of the
B-spline R-matrix �BSR� method �14�, in which a B-spline
basis is employed to represent the continuum functions in the
close-coupling expansion of the scattering wave function.
Recent applications of this method to quasi-two-electron at-
oms such as Ca �15� and Zn �16� showed considerable im-
provement over previous calculations in the agreement be-
tween experiment and theory for low-energy scattering. The
use of nonorthogonal orbital sets, both for the construction of
the target wave functions and for the representation of the
scattering functions, allowed us to generate more accurate
descriptions of the target structure than those used in previ-
ous collision calculations. In particular, the present target
wave functions account for both the valence and core-
valence correlations ab initio through multiconfiguration ex-
pansions with an open core.

This paper is organized as follows. After outlining the
description of the target structure, we summarize the most
important aspects of the collision calculations. This is fol-
lowed by a presentation of the angle-differential cross sec-
tions for elastic scattering and for excitation of the
�3s3p� 1,3Po, �3s3d� 1D, �3s4s� 1S, and �3s4p� 1Po states in
Mg. Angle-integrated cross sections �ICSs� for these states
are presented and discussed as well. Our results are com-
pared with the available experimental data and predictions
from other theoretical models. We conclude with a discus-
sion of the remaining discrepancies and an outlook for pos-
sible improvements in future theoretical studies.
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II. COMPUTATIONAL METHOD

A. Structure calculations

Magnesium with its ground-state configuration
�1s22s22p6��3s2� 1S and singly excited states
�1s22s22p6��3snl� 3,1L exhibits many similarities to helium;
i.e., it can sometimes be viewed as two electrons outside of a
doubly ionized Ne-like �1s22s22p6� core. For simplicity,
closed shells will be omitted in the notation below. Both
valence and core-valence correlation are important for the
ground state and the low-lying excited states of Mg. A

widely used method of incorporating core-valence correla-
tion is based on applying a semiempirical core-polarization
potential. Although such a potential simplifies the calcula-
tions significantly and can provide accurate excitation ener-
gies and oscillator strengths, the question always remains
how well the model potential can simulate all core-valence
correlations, including nondipole contributions. In the
present approach, we therefore chose to include the core-
valence correlation ab initio by adding target configurations
with an excited core. However, direct multiconfiguration
Hartree-Fock �MCHF� calculations in this case usually lead

TABLE I. Excitation and binding energies �in eV� for the spectroscopic target states of Mg. The experi-
mental values are derived from the NIST database �19�.

Configuration Term Excitation Binding Theory Difference

3s2 1S 0.000 −7.646 −7.527 0.119

3s3p 3Po 2.714 −4.932 −4.882 0.050

3s3p 1Po 4.346 −3.300 −3.241 0.059

3s4s 3S 5.108 −2.538 −2.511 0.027

3s4s 1S 5.394 −2.253 −2.226 0.027

3s3d 1D 5.753 −1.893 −1.887 0.006

3s4p 3Po 5.932 −1.715 −1.705 0.010

3s3d 3D 5.946 −1.700 −1.693 0.007

3s4p 1Po 6.118 −1.528 −1.509 0.019

3s5s 3S 6.431 −1.215 −1.206 0.009

3s5s 1S 6.516 −1.130 −1.12 0.010

3s4d 1D 6.588 −1.058 −1.054 0.004

3s4d 3D 6.719 −0.927 −0.924 0.003

3s5p 3Po 6.726 −0.920 −0.916 0.004

3s4f 1Fo 6.779 −0.867 −0.867 0.000

3s4f 3Fo 6.779 −0.867 −0.867 0.000

3s5p 1Po 6.783 −0.863 −0.856 0.007

3s6s 3S 6.930 −0.717 −0.712 0.005

3s6s 1S 6.966 −0.680 −0.675 0.005

3s5d 1D 6.981 −0.665 −0.662 0.003

3s5d 3D 7.063 −0.583 −0.581 0.002

3s6p 3Po 7.069 −0.577 −0.575 0.002

3s5f 1Fo 7.092 −0.554 −0.554 0.000

3s5f 3Fo 7.092 −0.554 −0.554 0.000

3s6p 1Po 7.094 −0.552 −0.549 0.003

3p2 3P 7.173 −0.473 −0.446 0.027

3s7s 3S 7.173 −0.473 −0.47 0.003

3s7s 1S 7.192 −0.454 −0.449 0.005

3s6d 1D 7.194 −0.452 −0.449 0.003

3s6d 3D 7.246 −0.400 −0.394 0.006

3s7p 3Po 7.250 −0.396 −0.387 0.009

3s6f 1Fo 7.262 −0.384 −0.379 0.005

3s6f 3Fo 7.262 −0.384 −0.379 0.005

3s7p 1Po 7.263 −0.383 −0.371 0.012

3s8s 3S 7.310 −0.336 −0.302 0.034

3s8s 1S 7.322 −0.325 −0.282 0.043

3p2 1S 8.465 0.819 0.949 0.130
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to very large expansions, which can hardly be used in sub-
sequent scattering calculations. For this reason, we used the
B-spline box-based close-coupling method �17� to generate
the target states.

Specifically, the calculation of the target states included
the following steps. We started by generating the core orbit-
als from a Hartree-Fock calculation for Mg2+ and then ob-
tained valence 3s, 3p, 3d, and 4s orbitals from a frozen-core
calculation for Mg+. Next, we simulated the core-valence
correlation by adding 2p5n̄ln̄�l� configurations through the
expansion

��2p6nl� = an��HF�2p6nl� + �
n̄ln̄�l̄�

bn̄ln̄�l���2p5n̄ln̄�l�� , �1�

where the bar indicates a correlated rather than a physical
orbital. In other words, the Hartree-Fock wave functions
�HF�2p6nl� were improved by correlation functions � with a
2p-excited core. These calculations were performed with the
MCHF code of Froese Fischer et al. �18�. Since the mean
radii for the n̄l orbitals lie between the mean radii of the core
and the valence orbitals, this method allows us to incorporate
the core-valence correlation with a relatively small number
of configurations �between 10 and 20 in the present case�.
Note that the correlation orbitals n̄l were optimized for each
state separately.

The core-valence-correlated states of Mg+ were then used
as target states in B-spline bound-state close-coupling calcu-
lations to generate the low-lying states of atomic Mg. The
corresponding multichannel expansion had the structure

��2p63snl,LS� = A�
nl

���2p63s�P�nl��LS

+ A�
nl

���2p63p�P�nl��LS

+ A�
nl

���2p63d�P�nl��LS

+ A�
nl

���2p64s�P�nl��LS, �2�

where A denotes the antisymmetrization operator. For
brevity of the notation, we assume that the expansion coef-
ficients are incorporated in the unknown functions P�nl� for
the outer valence electron. These functions were expanded in
a B-spline basis, and the corresponding equations were
solved subject to the condition that the wave functions van-
ish at the boundary. This scheme yields a set of orthogonal
one-electron orbitals for each bound state, but orbitals in
different sets are no longer orthogonal to each other. In prac-
tice, this procedure is often referred to as using “nonorthogo-
nal orbitals,” and we will do so as well. Finally, we used the
same multichannel expansion �1� as for the 3snl states for all
nl2 states with equivalent electrons. The number of physical
states that we can generate in this method depends on the
size a of the R-matrix box. Choosing a=80a0 �with

a0=0.529�10−10 m denoting the Bohr radius�, we obtained
a good description for all low-lying states of Mg up to
�3s8s� 1S.

We included 110 B splines of order 8 in the present cal-
culations. Of course, since the above B-spline bound-state
close-coupling calculations generate different nonorthogonal
sets of orbitals for each atomic state, their subsequent use is
somewhat complicated. On the other hand, our configuration
expansions for the atomic target states only contained be-
tween 20 and 50 configurations for each state and hence
could be used in the collision calculations with only modest
computational resources.

The target states included in the present scattering calcu-
lations are given in Table I, where we also compare the cal-
culated binding energies with the experimental values �19�.
The overall agreement between experiment and theory is
very satisfactory, with the deviations in the energy splitting
generally being less than 0.06 eV, except for the lowest
�3s2� 1S and �3p2� 1S states. Here the correlation corrections
are expected to be most important. The �3p2� 1S state was
included for completeness of the CC expansion, because the
3p2 configuration makes a large contribution to the ground-
state expansion. The accuracy of the present binding energies
is close to the accuracy achieved by extensive MCHF calcu-
lations �20�, and the current structure description represents a
substantial improvement over those used in previous scatter-
ing calculations.

Another assessment of the quality of our target descrip-
tion can be performed by comparing the results for the os-
cillator strengths of various transitions with experimental

TABLE II. Oscillator strengths in Mg. The theoretical results
were obtained with the length form of the electric dipole operator.

Initial state Final state Present NIST �21�

�3s2�1S �3s3p� 1Po 1.738 1.80

�3s4p� 1Po 0.116 0.113

�3s5p� 1Po 0.026 0.024

�3s3p� 3Po �3s4s� 3S 0.138 0.136

�3s5s� 3S 0.016 0.016

�3s3d� 3D 0.626 0.594

�3s4d� 3D 0.126 0.120

�3s3p� 1Po �3s4s� 1S 0.158 0.155

�3s5s� 1S 0.007 0.006

�3s3d� 1D 0.252 0.245

�3s4d� 1D 0.108 0.106

�3s4s� 3S �3s4p� 3Po 1.320 1.37

�3s4s� 1S �3s4p� 1Po 1.249 1.16

�3s3d� 1D �3s4p� 1Po 0.138 0.146

�3s4p� 3Po �3s3d� 3D 0.014 0.017

�3s5s� 3S 0.281 0.277

�3s4d� 3D 0.623 0.613

�3s4p� 1Po �3s5s� 1S 0.301 0.296

�3s4d� 1D 0.934 0.934
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data and other theoretical predictions. Such a comparison is
given in Table II with recommended values from the recent
critical compilation by NIST �21�. In most cases, we see very
close agreement with the values recommended by NIST.
There is a small �about 3%� but noticeable discrepancy for
the resonance transition �3s2� 1S→ �3s3p� 1Po. The NIST
value is based on experimental data, although all recent ex-
tensive calculations suggest a lower value. For example, very
extensive and essentially converged MCHF calculations �20�
give f =1.717, which is very close to our value. Accurate
oscillator strengths are very important to obtain reliable ab-
solute values for both cross sections and rate coefficients for
dipole-allowed transitions at high incident electron energies.
For low-energy scattering, the accuracy of the oscillator
strengths is also important, since it determines whether or
not we correctly account for the polarization of the target by
the projectile electron.

B. Collision calculations

For the scattering calculations we employed the recently
developed B-spline R-matrix code �14�. Details of this ap-
proach, in particular for applications to electron collisions
with similar quasi-two-electron targets, can be found in two
recent publications on e-Ca �15� and e-Zn �16� collisions. As
mentioned above, the distinctive feature of the method is the
use of B splines as a universal basis to represent the scatter-
ing orbitals in the inner region, r�a. Hence, the R-matrix
expansion in this region takes the form

�k
��x1, . . . ,xN+1� = A�

ij

�̄i
��x1, . . . ,xN; r̂N+1�N+1�

� rN+1
−1 Bj�rN+1�aijk

� . �3�

Here the �̄i
� are channel functions, while the splines Bj�r�

represent the continuum orbitals. The principal advantage of
B-splines is that they form an effectively complete basis, and
hence no Buttle correction to the R-matrix is needed in this
case. The amplitudes of the wave functions at the boundary,
which are required for the evaluation of the R-matrix, are
given by the coefficient of the last spline, which is the only
spline with nonzero value at the boundary.

The other important feature of the present code concerns
the orthogonality requirements for the one-electron radial
functions. We do not require any orthogonality conditions for
the one-electron radial functions used to represent the differ-
ent target states, and the continuum orbitals do not have to be
orthogonal to the bound orbitals either. The use of nonor-
thogonal orbitals allows us to avoid the introduction of ad-
ditional �N+1�-electron terms in the R-matrix expansion.
The latter may lead to extensive multiconfiguration expan-
sions, especially when correlated pseudo-orbitals are em-
ployed to improve the target states.

The number of B-splines and the R-matrix radius in the
scattering calculations were chosen to be the same as in the
calculation of the target bound states. We numerically calcu-
lated partial-wave contributions up to L=50, followed by a

FIG. 1. Angle-differential cross sections for elastic e-Mg scat-
tering at impact energies of 10, 15, 20, and 40 eV.

FIG. 2. Angle-differential cross sections for elastic e-Mg scat-
tering at impact energies of 60, 80, and 100 eV.
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top-up based on a geometric-series extrapolation if neces-
sary. The cross-section calculations were then carried out in
the same way as in standard R-matrix calculations.

III. RESULTS AND DISCUSSION

A. Elastic scattering

Figures 1 and 2 show the angle-differential cross sections
for elastic scattering of electrons from Mg in its �3s2� 1S
ground state and compare various theoretical predictions
with recent experimental data obtained by Brown et al. �1,2�
and Predojević et al. �22�. In addition to the current 37-state
B-spline R-matrix calculations �labeled BSR37�, we selected
for comparison earlier close-coupling calculations using a
5-state model �CC5� �12� and a 6-state model with optical
potential �CCO6� �13�, the extensive 109-state convergent
close-coupling �CCC109� calculation �9�, and a 54-state
R-matrix with pseudostates �RMPS54� method �1,2�.

At an electron-impact energy of 10 eV, all theoretical pre-
dictions are in good agreement with the experimental cross
sections up to a scattering angle of 130°, with the present
results providing the best agreement at intermediate angles
between 70° and 130°. However, the two experimental data
points at 140° and 150° lie considerably below all theoretical
results. Predojević et al. �22� used the semiempirical optical-
potential calculations of Khare et al. �23� �not shown in the
figure� to support their results at large angles. These optical-
potential calculations yield considerably larger cross sections
at small angles than experiment, but after normalizing the
experimental DCS at 100° to that theory, they yield good
agreement with experiment at large angles. Such support of
the experimental data, however, should be taken with care in
light of the disagreement at small angles.

At 15 eV, our calculated DCS is in good agreement with
experiment �22� at all angles, except for the point at 150°.
We are not aware of any other theoretical or experimental
DCS data at this energy to compare with. For 40 eV, we
notice the closest agreement between the two recent sets of
experimental data and the CCC109 and BSR37 results. Con-
sequently, we consider the DCS for this energy to be very
well established.

The DCS at 20 eV is the one most frequently found in the
literature. The absolute experimental data of Predojević et al.
�22� agree well with the relative DCS obtained by Brown et
al. �1�, which was visually normalized to the CCC calcula-
tion. All theoretical results are in good agreement with ex-
periment and with each other at all angles, except for the two
minima observed around 50° and 130°. The calculations pre-
dict much deeper minima. While the discrepancies in the first
feature may be a result of the finite experimental resolution,
Brown et al. �1� pointed out that the second minimum pre-
dicted by a number of theories is not sufficiently narrow to
be explained this way. Also, there is a clear shift in the po-
sition of this minimum between experiment �around 130°�
and theory �around 140°�.

The differential cross sections at 60, 80, and 100 eV are
shown in Fig. 2. There is close agreement between the ex-
perimental data of Predojević et al. �22� and the present cal-
culations for 60 and 80 eV, which are the only results avail-

able for comparison at these two energies. The experimental
DCS curves exhibit a shoulder and one minimum around
	=110°, whose position is accurately reproduced by our
model. We also see reasonable agreement with experiment at
100 eV, although our DCS lies systematically above the ex-
perimental data for 	
40°. As expected, due to the dimin-
ishing effect of channel coupling at this rather high energy,
the present results agree very well with those from the CC5
calculations by Mitroy and McCarthy �12� for all angles.

B. Excitation of the (3s3p) 1P state

The most recent experimental study of the DCS for the
�3s3p� 1Po excitation was presented by Filipović et al. �3�.
These data, along with the absolute measurements by
Brunger et al. �7� and relative data of Brown et al. �1,2�, are
compared with the present calculations in Fig. 3. Also in-
cluded are calculations based on the relativistic distorted-
wave �RDW� �3�, CC5 �12�, RMPS, and CCC �1,2,9� ap-
proximations. For the sake of clarity, several earlier
experimental and theoretical results �discussed, for example,
in �9�� are not shown in the figure.

As expected, the largest spread in the theoretical results is
seen for 10 eV. Our DCS agrees most closely with the CCC
result, and it is also in good agreement with the experimental
data up to scattering angles of 90°. Around 100°, on the other
hand, our BSR37 model predicts a local minimum that is not
observed in the experiment. Somewhat surprisingly, the clos-
est agreement with experiment in this angular region is pro-

FIG. 3. Angle-differential cross sections for electron-impact ex-
citation of the �3s3p� 1Po state in Mg at impact energies of 10, 15,
20, and 40 eV.
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vided by the CC5 calculation, whereas the RDW approxima-
tion overestimates the cross sections substantially. At 15 eV
only one other calculation �RDW� is available for compari-
son. Here our results are in very satisfactory agreement with
experiment �3�, while the RDW model again overestimates
the cross sections at large angles.

At 20 eV, all CC calculations agree closely with each
other and support the existence of two minima around 70°
and 150°. However, the logarithmic scale and the very fast
drop in the DCS from the forward direction with increasing
scattering angle are somewhat deceiving. As will be seen
below, there are actually significant differences in the angle-
integrated cross sections among the CC calculations, on the
order of 25%. The RDW results are once again noticeably
higher than those from the CC theories at large scattering
angles. For angles above 90°, our DCSs agree better with the
absolute measurements by Brunger et al. �7� than with those
of Filipović et al. �3�.

For 40 eV, the measured DCS clearly exhibits two minima
around 60° and 120°. Their locations are very well predicted
by all theories. However, the differences between the abso-
lute values obtained in the various CC calculations become
more noticeable. Our calculations are in better agreement
with the recent data by Filipović et al. �3� than with the
earlier measurements. Filipović et al. �3� also provided DCS
data for 60, 80, and 100 eV, which are in close agreement
with the RDW calculations. For the sake of brevity we do not
present the comparison of our data with these results here.
We note, however, that our results are in very close agree-
ment with those from the RDW model. This finding is not
unexpected, since it again expresses the diminishing effect of
channel coupling with increasing collision energy.

C. Excitation of the (3s3p) 3Po state

A comparison of the DCS for excitation of the �3s3p� 3Po

state is given in Fig. 4. The results for this state exhibit a
very different angular dependence and are about 3 orders of
magnitude smaller compared to those for elastic scattering
and the optically allowed �3s2� 1S→ �3s3p� 1Po transition
considered above. The DCS for the �3s3p� 3Po state has its
maximum value around 30°, in contrast to the rapid fall from

the forward direction for both elastic scattering and the
�3s3p� 1Po state. There are also two well-defined local
minima at large scattering angles. All CC calculations shown
here predict a very similar angular dependence for the DCS,
but there are substantial differences in the absolute values.

At 20 eV, the present DCS values are in close agreement
with the absolute measurements by Houghton et al. �8�, and
we also accurately reproduce the ratio between the two
maxima at 30° and 120°. The experimental DCSs of Brown
et al. �2� exhibit the same overall shape, but were normalized
to give a best overall visual fit to the joint CCC and RMPS
results. For this state, an even larger CCC calculation, in-
cluding 210 states �210-state convergent close coupling
�CCC210��, was performed. The considerable reduction �up
to a factor of 3� in the theoretical DCS at 20 eV has been
attributed to the strong influence of continuum channels not
included in the earlier calculations. Since the present calcu-
lations did not account for coupling to the target continuum
either, we cannot assess their influence. A reduction by a
factor of up to 3, however, is certainly large. We also note
that good agreement with the absolute data by Houghton et
al. �8� and even earlier measurements by Williams and Tra-
jmar �6� �not shown in the figure� suggest somewhat larger
values of the DCS at 20 eV than predicted by RMPS54 and
CCC210.

At 40 eV, the agreement of our DCS with the CCC210
results is better, probably due once again to the decreasing
importance of channel coupling at this higher energy. Apart
from the depths of both minima, the present BSR37 results
are in satisfactory agreement with the relative measurements
by Brown et al. �1�. Nevertheless, the fact that the CCC210
results differ from ours but are in very good agreement with
experiment, except for the depth of the second minimum,
suggests that channel coupling to the ionization continuum is
still not negligible for this optically forbidden transition, es-
pecially in angular regions where the DCS is very small.

D. Excitation of the (3s4p) 1Po state

Figure 5 shows the differential cross sections for excita-
tion of the �3s4p� 1Po state. At 10 eV, there is only one set of
measurements �5� and one previous calculation �12� in the
CC5 approximation for comparison. Note that the recent
RDW calculations �11� were considered inadequate for such
small energies and thus the authors only presented results for
higher energies. As seen from the figure, the experimental
results disagree substantially with the DCS values predicted
by the CC5 model at scattering angles beyond 60°, whereas
our results show almost perfect agreement with experiment.
The reason is the slow convergence of the CC expansion for
this state. Test calculations performed in a nine-state close-
coupling approximation, which included all target states up
to �3s4p� 1Po, yielded very similar DCS results to the CC5
model of Mitroy and McCarthy �12�.

For the impact energy of 20 eV, there are two sets of
measurements �5,6� in the literature, and they agree well with
each other over the entire angular range. All calculations also
agree well with each other and with the experimental data,
although there are some differences for scattering angles less

FIG. 4. Angle-differential cross sections for electron-impact ex-
citation of the �3s3p� 3Po state in Mg for impact energies of 20 and
40 eV. Note that RMPS54 results are only available for 20 eV.
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than 10° �note the logarithmic scale� and larger than 130°.
Near the forward direction, the experimental data lie above
the CC5 results, whereas the RDW and the present BSR37
calculations agree very well with each other and experiment.
The DCS values at small angles are very important to pro-
vide correct angle-integrated cross sections. Both CC calcu-
lations predict local minima at 80° and 150°, whereas the
RDW model produces only one shallow minimum around
90°. The minimum at 80° obtained in the present calculation
is in excellent agreement with the measurements. The second
minimum predicted at 150°, on the other hand, is not con-
firmed by the experimental data, although the size of the
error bars shows increasing uncertainty. Nevertheless, the
RDW calculations yield the closest agreement with experi-
ment in this angular range.

At 40 eV, the two sets of measurements agree very well
for scattering angles smaller than 60°. All calculations yield
a similar angular dependence and agree well with the recent
measurements by Predojević et al. �5� over the entire angular
range. In particular, both experiment and theory show two
minima around 60° and 120°. Our calculations yield the
deepest second minimum, in good agreement with the mea-
surements of Predojević et al. �5�. At 60 eV, finally, the
shapes of the experimental and theoretical DCS curves are
similar in that both show a fast drop from forward scattering
to an angle of 60° and the deepest minimum around 115°.
However, the measurements lie clearly below the calcula-
tions for all scattering angles larger than about 10°.

E. Excitation of the (3s3d) 1D state

Angle-differential cross sections for the excitation of
the �3s3d� 1D state are presented in Fig. 6. At 10 eV the
present calculations yield reasonable agreement with the
measurements of Predojević et al. �5� at most angles, except
for the region from 50° to 70°. Both experiment and theory
exhibit a shoulder here, but the BSR37 results fall signifi-
cantly below the experimental data. The two sets of mea-
sured data agree well with each other for angles larger than
50°. At small angles, on the other hand, the data of Williams
and Trajmar �6� are systematically lower than those of
Predojević et al. �5�. Theory clearly favors the latter mea-
surements. Both close-coupling calculations predict a similar
angular dependence, but the present BSR37 results are gen-
erally lower for angles larger than 40°. There are also sig-
nificant differences in the forward peak below 10°.

For 20 eV, the agreement between CC5 and BSR37 is
much better. Both measurements also provide similar results
and agree very well with the BSR37 prediction between 15°
and 110°. At small angles, the experimental data are very
forward peaked and considerably exceed all theoretical pre-
dictions. At angles larger than 110°, the experimental data
are again larger than those calculated in any of the models
presented.

The closest agreement between experiment �5� and theory
is found for 40 eV. Both close-coupling models yield very
similar results, while the RDW numbers are systematically
lower for almost all angles. Again, the present calculations,
as well as CC5, favor the recent data �5� at large angles,

FIG. 5. Angle-differential cross sections for electron-impact ex-
citation of the �3s4p� 1Po state in Mg for impact energies of 10, 20,
40, and 60 eV.

FIG. 6. Angle-differential cross sections for electron-impact ex-
citation of the �3s3d� 1D state in Mg for impact energies of 10, 20,
40, and 60 eV.
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where they considerably exceed the DCSs from previous
measurements �6�. At 60 eV, finally, we only have the mea-
surements published by Predojević et al. �5� and the present
calculations to compare. The overall agreement resembles
the situation for excitation of the �3s4p� 1Po state: the shapes
of the experimental and theoretical DCS are similar, but the
measured data clearly lie below the calculations for scatter-
ing angles larger than 10°.

F. Excitation of the (3s4s) 1S state

The excitation of the �3s4s� 1S state is the most correlated
process considered to date. This excitation is expected to be
strongly affected by channel coupling and should strongly
depend on the details of the approximation. DCS results for
excitation of the �3s4s� 1S state are shown in Fig. 7. At 10
eV, the experimental DCS exhibit a complicated structure,
which at best qualitatively agrees with the theoretical
predictions. The present BSR37 results are considerably
lower than those obtained in the CC5 model by Mitroy and
McCarthy �12�. In an attempt to shed some light on these
discrepancies, we also plot our results obtained with 9-state
B-spline R-matrix �BSR9� and 17-state B-spline R-matrix
�BSR17� close-coupling expansions. Note that the BSR9 re-
sults are closest to those from the CC5 model, and the theo-
retical DCS values decrease systematically with increasing
size of the close-coupling expansion. Even our largest model,
BSR37, is probably not fully converged with the number of
coupled states, but this is the limit of what we can handle

with the current code and our available computational re-
sources. Nevertheless, we see satisfactory agreement be-
tween experiment and the BSR37 results for a wide range of
angles, except for the DCS at angles below 10° and around
80°. We also note the substantial size of the experimental
error bars. Such large uncertainties do not allow for final
conclusions to be drawn. Instead, more accurate measure-
ments as well as more extensive theoretical calculations are
required.

For 20 eV incident energy, the agreement between theory
and experiment is much better. The close-coupling calcula-
tions accurately reproduce the peak at small angles and the
local minimum around 70°, while the RDW model predicts
the first minimum around 45°. All calculations also yield a
deep minimum near 135°, while the measurements �5� show
a more shallow minimum around 125°. At 40 eV, the agree-
ment at small and large angles is even better, with the deep
minimum found in the experiment around 120° being repro-
duced by all theories. However, there is a noticeable dis-
agreement at intermediate scattering angles between 50° and
100°, where all calculations show a local maximum. For
20 eV in particular, but to some extent also at 40 eV, the
agreement between the two experimental data sets shown is
poor in both shape and magnitude. The calculations gener-
ally favor the recent measurements by Predojević et al. �5�.
Finally, we find good agreement of our BSR37 results with
the recent RDW calculations by Sharma et al. �11�. However,
the theoretical DCS values considerably exceed experiment
for angles larger than 20°. The deep minimum predicted
around 110° is seen experimentally as well, but not as sharp
as a function of the scattering angle.

G. Angle-integrated cross sections

Figure 8 compares the ICSs for the transitions considered
above in detail regarding the angular dependence of the
DCS. �The results are available in tabular form from the
authors upon request.� As seen from the figure, excellent
agreement between theory and experiment is found for elas-
tic scattering over the entire energy interval from 10 to
100 eV. This indicates a fast convergence of the theoretical
models for this case. This finding differs considerably from
the case of small energies around 1 eV, where a strong
p-wave-shaped resonance was seen experimentally �24�. We
also recall the very slow convergence of the close-coupling
expansion found in our previous study �25� of low-energy
elastic electron scattering from magnesium atoms.

On the other hand, the situation for excitation of the
�3s3p� 3Po state is not satisfactory at all. The present calcu-
lations agree with the available experimental data at 20 eV,
but our results are considerably lower than experiment at
10 eV and considerably higher at 40 eV. An even more ex-
tensive CCC210 calculation suggests significantly lower
cross sections at 20 and 40 eV, presumably caused by a
strong channel-coupling effect to the ionization continuum.

The most frequently studied transition is the �3s2� 1S
→ �3s3p� 1Po excitation. Except for 10 eV, our results agree
within the specified error bars with the available experimen-
tal data for all energies. Our integrated cross sections are also

FIG. 7. Angle-differential cross sections for electron-impact ex-
citation of the �3s4s�1S state in Mg for impact energies of 10, 20,
40, and 60 eV.
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in good agreement with those from the CC5 calculation and
match the RDW results at higher energies. Not surprisingly,
the RDW model considerably overestimates the experimental
cross section at lower impact energies. The most striking
feature is perhaps the much smaller cross sections at low
energies obtained in the CCC calculations �9�. This is the
most extensive calculation and might be expected to provide
the most accurate theoretical data at intermediate energies of
a few times the ionization threshold. We note that the CCC
cross sections are in very good agreement with the optical
measurements by Leep and Gallagher �26�, after cascade
contributions are accounted for. Filipović et al. �3� also com-
pared their results with the optical measurements, and the
good agreement was taken as additional support of their data.
However, the optical cross sections include significant cas-
cade contributions �about 10% at low energies�, and thus the
comparison provided is questionable. In light of the large
differences between the BSR37 the CCC109 results, addi-
tional studies of the low-energy regime seem necessary be-
fore the �3s3p� 1Po cross section can be finalized.

For the higher-lying states, �3s4s� 1S, �3s3d� 1D, and
�3s4p� 1Po, the agreement with the experimental data reveals
a similar pattern. We see good agreement at low energies, but
the present calculations considerably overshoot the measured

cross sections at 40 and 60 eV. Interestingly, the CC5 model
also overestimates the cross sections for excitation of the
�3s4s� 1S excitation, while it lies below most of the experi-
mental data for the �3s3d� 1D state and agrees very well with
the present results �except for the point at 10 eV� for the
�3s4p� 1Po state. The recent RDW results for the �3s4s� 1S
and �3s4p� 1Po states noticeably exceed our cross sections.
Overall, the existing theoretical results are consistent with
our calculation at higher energies.

IV. SUMMARY

We have presented theoretical results for angle-
differential and angle-integrated cross sections for elastic and
inelastic electron scatterings from Mg atoms. Unlike in most
previous publications on this topic, the numerous experimen-
tal data were compared to results obtained using a single
highly sophisticated theoretical model. Such a systematic
comparison of experimental and theoretical data allowed us
to assess the accuracy of the existing data and, where dis-
crepancies persist, suggest areas for further studies.

The calculations were performed with a recently extended
version of the R-matrix �close-coupling� method �14�, in
which a B-spline basis is employed to represent the con-
tinuum functions of the projectile. The use of nonorthogonal
orbital sets, both for the construction of the target wave func-
tions and for the representation of the scattering functions,
made it possible to generate more accurate descriptions of
the target states than those typically used in collision calcu-
lations. In particular, the present target wave functions ac-
count for both the valence and core-valence correlations ab
initio through multiconfiguration expansions with an open
core.

The present angle-differential and angle-integrated cross
sections for elastic scattering are in very good agreement
with recent measurements by Predojević et al. �22� for a
wide range of energies, including recent results at 15, 60, and
80 eV, for which no comparison with theory has been avail-
able to date. For the strong dipole-allowed excitation of the
�3s3p� 1Po state, our angle-differential cross sections are in
good agreement with existing DCS measurements and, in
particular, provide noticeable improvement for the predicted
DCS at 15 eV. At the same time, there is considerable dis-
agreement with extensive CCC calculations �9� regarding the
angle-integrated cross section at small and intermediate en-
ergies. These discrepancies require further studies regarding
the convergence of the close-coupling expansion. For the
spin-forbidden excitation of the �3s3p� 3Po state, both the
experimental and theoretical data are somewhat scattered.
This can partly be attributed to the fact that the cross sections
are relatively small and both the target description and
channel-coupling effects, including coupling to the ioniza-
tion continuum, are expected to be important for this transi-
tion.

Excitation of the higher-lying �3s4s� 1S, �3s3d� 1D, and
�3s4p� 1Po states in Mg presents another sensitive testbed for
theory. For the angle-integrated cross sections, we found
good agreement with experiment for small energies between
10 and 20 eV, but there was a noticeable and unexpected

FIG. 8. Angle-integrated cross sections for electron scattering
from magnesium in its �3s2� 1S ground state. The theoretical curves
for elastic scattering are indistinguishable within the thickness of
the line. Experiment: circles, Predojevic et al. �5,22�; triangles, Wil-
liams and Trajmar �6�.
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disagreement at the higher energies of 40 and 60 eV. We
suggest this energy region as a candidate for further careful
studies, both experimentally and theoretically. Overall we
obtained considerable improvement in the agreement with
experiment compared to previous CC5 �12� and RDW �11�
calculations for these states, especially at low energies.

Finally, excitation of the �3s4s� 1S state turned out to be a
major challenge for theory. Channel-coupling effects were
found to be extremely important for this transition. Although
we obtained considerable improvement in the angle-
differential cross section at 10 eV, our CC expansion, and
hence our calculations based on that expansion, is likely not

fully converged with the number of coupled states. Conse-
quently, even more extensive calculations are highly desir-
able. Such calculations will require the parallelization of our
present computer codes. Work in this direction is currently in
progress.
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