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Abstract
A 23-state close-coupling calculation on the slow electron interaction with
barium atoms is carried out by using a fully relativistic R-matrix method. The
results for the slow electron scattering and photodetachment of the negative
atomic barium ions are presented. An apparent relativistic fine-structure split
is produced for both the bound states of the negative ion and the shape resonance
states of the free electron. The electron affinities for the 6s2 6p 2 Po3/2 level and
the 6s2 6p 2 Po1/2 level are obtained to be 183 meV and 240 meV, respectively.
The 57 meV fine-structure split of the 6p orbital is very close to the experimental
value. The fine-structure split of the d-wave shape resonance above the elastic
threshold is predicted to be 31 meV. The calculated integral scattering cross
sections from 0 to 10 eV show that including the relativistic effects cannot
eliminate the large discrepancies between theory and the existing experiment.

1. Introduction
Low-energy electron interaction with alkaline-earth atoms has been extensively studied in the
past decade. The interest in the study of the electron scattering with alkaline-earth atoms
and the photodetachment of their negative ions was stimulated by the fact that Ca and other
heavier alkaline-earth atoms can form stable negative ions [1, 2] by absorbing an extra electron
outside a closed shell. These studies include the binding energies of the negative ions [3–16],
low-energy electron collisions with alkaline-earth atoms [17–30] and the photodetachment of
the very loosely bound alkaline-earth negative ions [31–38]. Among these studies, only a few
of them were concerned with the low-energy electron interaction process with barium atoms.
The only measurement for the absolute scattering cross sections of a low-energy electron from
barium atoms below 10 eV was taken by Romanyuk et al [19]. Even for theoretical studies,
calculations about the interaction between a slow electron and barium atoms are not quite
popular either, due to the complexity of the calculations caused by both the correlation and
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relativistic effects. A limited close-coupling calculation was given by Fabrikant [17]. Gribakin
et al [35] carried out a calculation in which the bound state wavefunction of the negative ion was
obtained by solving the non-relativistic Dyson equation to include the correlation effect, and
the accuracy of the theory was, however, weakened by using a Hartree–Fock approximation
to describe the continuum wavefunction of the free electron. A non-relativistic close-coupling
calculation was given by one of the present authors [39] by using the R-matrix method with
21 states being included in the close-coupling expansion, and part of the core–valence
correlation was considered as well.
By using a comprehensive close-coupling approach, reasonably good agreement between
theory and experiment can be obtained for both slow electron scattering cross sections and the
photodetachment cross sections for all the atoms before barium [22, 37–39]. However, the
total cross section of electron scattering from barium atoms was predicted by the theoretical
calculations [39] as being almost twice that of the experimental values when the free electron
energy is above 2 eV. The relativistic effect was suspected to be responsible for such large
discrepancies between theory and experiment. To the best of our knowledge, however, there
is no comprehensive, fully relativistic close-coupling calculation for the interaction of slow
electrons with barium atoms so far. In the present study, the fine-structure split of the shape
resonance states, the near-threshold structure of the photodetachment cross sections of negative
atomic barium ions and the slow electron scattering cross section from barium atoms will
be focused on by carrying out a fully relativistic 23-state close-coupling calculation with the
relativistic R-matrix approach.
2. Theoretical methods
The R-matrix method for electron–atom and photon–atom interactions has been discussed in
great detail by Burke et al [40]. The present calculations have been carried out by using the
fully relativistic R-matrix code DARC [41, 42]. We will just give an outline as follows.
In an R-matrix calculation, the wavefunction of the N + 1 electron system is given by the
form


cij k i (X1 . . . XN r̂N+1 σN+1 ) × uij (rN+1 ) +
dj k φj (X1 . . . XN+1 ),
k (X1 . . . XN+1 ) = Â
ij

j

(1)
where Â is the antisymmetrization operator to take the exchange effect between the target
electrons and the free electron into account. Xi stands for the spatial (ri ) and the spin (σi )
coordinates of the ith electron. The functions uij (r) under the first sum construct the basis sets
for the continuum wavefunctions of the free electron. For each angular momentum, they are
normally obtained by solving the model single-channel scattering problem and are orthogonal
both to themselves and to the bound orbitals. The bound orbitals plus the continuum orbitals
then form a larger size of basis set for the N + 1 electron system than for the N electron
target states. i is the coupling between the target wavefunction of a specific level Ji πi
and the angular and spin part of the free electron. The target states are usually written as
a configuration–interaction (CI) expansion in terms of some basis configurations, which are
constructed from a bound orbital basis set consisting of self-consistent field orbitals plus some
additional pseudo-orbitals included to model electron correlation. The correlation functions
φj in the second sum are formed from the same set of bound orbitals and must be included
to compensate for the incompleteness of the continuum orbitals. They can also be used to
compensate for the correlation effects not adequately considered because of the cut-off in the
first sum.
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Table 1. Calculated energy levels (in eV) of the first 20 low-lying excited states of Ba compared
with experimental results [44].
Configuration

Term

J

Theory

Experiment

6s2
6s5d

1S
3D

0
1
2
3
2
0
1
2
1
2
3
4
2
2
3
4
2
0
1
2

0.0
1.112
1.130
1.161
1.430
1.309
1.358
1.469
2.141
2.472
2.493
2.521
2.641
2.548
2.663
2.743
2.833
2.820
2.847
2.905

0.0000
1.120
1.142
1.190
1.413
1.512
1.568
1.676
2.239

6s5d
6s6p

1D

6s6p
5d2

1 Po

5d6p
5d6p

1 Do

5d2
5d2

1D

3 Po

3F

3 Fo

3P

2.861
2.736
2.845
2.945
2.859
2.878
2.911
2.966

In the relativistic R-matrix calculations, the orbitals are obtained from multiconfigurational
Dirac–Fock code GRASP [43] by using an extended average level (EAL) optimizing process
for the concerned energy levels of the neutral atom included in the close-coupling expansion.
The single particle functions have the form


1 Pnκ (r)χκm (θ, φ)
(2)
ϕ(r) =
m
r iQnκ (r)χ−κ
(θ, φ)
where Pnκ (r) and Qnκ (r) are respectively the large and small component radial wavefunctions,
m
(θ, φ) are two-component spinors made up of spherical harmonics and
and the functions χ±κ
Clebsch–Gordan coefficients. The radial parts of the bound orbitals are input to the fully
relativistic R-matrix code as numerical values on a suitable mesh of points.
In the present calculations, the barium atom target wavefunctions are described by a
closed core 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6 and eight valence one-electron orbitals
obtained by using the EAL optimizing process. The valence orbitals are 5d3/2 , 5d5/2 , 6s1/2 ,
6p1/2 , 6p3/2 , 6d3/2 , 6d5/2 , and 7s1/2 , and interactions between the configurations generated by
all possible excitations of the two 6s electrons among all the valence orbitals are considered.
The 23 lowest levels are included in the expansion of the wavefunction in performing the
relativistic R-matrix calculation. The first 20 theoretical energy levels are given in table 1
along with the experimental results [44]. Though our results agree with the experimental
results fairly well, some differences still exist. Firstly, most of the calculated energy levels
are slightly lower than the experimental values. We attribute this discrepancy to the notincluded core–valence electron correlation in the present calculations. For heavy alkaline-like
atoms, core–valence correlation was found to be important in the photodetachment process in
previous works [12, 39]. Including the core–valence correlation can lower the ground state
of the atom [39], thus the relative energy levels might be closer to the experimental data.
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However, it would be a really big calculation if the core–valence correlation was included.
In the present relativistic calculation, we placed the emphasis on the fine-structure split
and the influence on the slow electron scattering cross section caused by the relativistic
effects, so the core–valence correlation was ignored as long as fairly good energy levels
were obtained. Secondly, there are no experimental data for the energy levels of 5d2 3 F2,3,4 ,
while they are given in the present theoretical calculation. In the present results these levels are
lower than that of 5d2 1 D2 , and that is consistent with Hund’s rule. More precise experimental
results are required to verify our results. According to the biggest convergence radius of the
single electron orbital wavefunctions, the R-matrix boundary was chosen to be 60 au in the
present calculation to ensure the wavefunction was completely wrapped within the R-matrix
sphere.
3. Results and discussions
The accuracy of both the initial and final states is quite essential for the description of the
photodetachment process. The same set of bound electron orbitals is used for both the neutral
atom and the negative ion, which are obtained with the EAL optimizing facility for the
energy levels of the neutral target. This set of the bound state orbitals is far from sufficient
for the description of the very loosely bound states of the absorbed electron in the negative
ion. Nevertheless, this less extension of the one-electron orbitals is improved effectively by
the algorithm of the R-matrix scheme for the bound states. This is achieved by connecting
the wavefunctions of the N + 1 electron given by equation (1) inside the R-matrix sphere
smoothly with an exponentially decaying wavefunction outside the sphere at the boundary.
In the internal region, the continuum orbitals, obtained by solving the model single-channel
scattering problem, are orthogonal both to themselves and to the bound orbitals. The bound
orbitals plus the continuum orbitals then form a larger basis set of functions compared with
the basis set for the N electron target system over the internal region. The inclusion of the
continuum orbitals for the N + 1 electron system is also helpful in avoiding the possible
overestimation of the coupling between the neutral and the negative ion states when the
same set of bound orbitals is used for both of them. Electron affinities of 183 meV for
Ba− 6s2 6p 2 P3/2 and 240 meV for Ba− 6s2 6p 2 P1/2 are obtained in the present relativistic
close-coupling calculation. These bound energies are very close to 192 meV of a valence-only
calculation [5] and the only other two non-relativistic R-matrix approach results of 176 meV [4]
and 183 meV [39]. However, the given experimental electron affinities [16] of Ba− 6s2 6p 2 P3/2
and Ba− 6s2 6p 2 P1/2 are 89.60 ± 0.06 and 144.62 ± 0.06 meV respectively, much smaller
than the present calculated results. As many other authors [12, 39] have discussed before,
including core–valence correlation for alkaline-earth atoms will lead to considerable reduction
of the electron affinity. For the reasons we discussed above, the core–valence correlation was
neglected in the present calculation as we had obtained reasonably good low-lying energy
levels of the barium atom. Nevertheless, the fine-structure split, which is sensitive to the
relativistic effect, is predicted very close to 55 meV of the experimental result [16], and also
close to 57 meV of Sundholm’s [12] and 55 meV of Dzuba et al’s [10] relativistic calculations.
Figure 1 shows photodetachment cross sections of the bound state 6s2 6p 2 P3/2 of the
negative barium atomic ion from the threshold to the 2.5 eV photon energy. Sections (a),
(b) and (c) refer to three sets of partial cross sections with the total angular momentum of
the final state J = 1/2, 3/2 and 5/2, respectively, and section (d) to the sum of (a), (b) and
(c). The solid lines and long-dashed lines stand for the length and velocity form of the cross
section, respectively. From figure 1 one can see that the partial cross section to the J = 5/2
symmetry contributes most to the total cross section in the region of the shown photon energy.
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Figure 1. The partial and total photodetachment cross sections from the 6s2 6p 2 Po3/2 level of
the negative atomic barium ion: (a) J = 1/2, (b) J = 3/2, (c) J = 5/2, and (d) the sum of (a),
(b) and (c) partial cross sections. The solid lines stand for the length form of the cross section, the
long-dashed lines for the velocity form. In (d), the non-relativistic R-matrix results of Yuan [39]
are also shown with thin solid and dashed lines.

For convenience of discussion, we will describe the characteristics of the final states in terms
of the quantum numbers of atomic energy levels and free electron orbital and the total angular
momentums of the whole system. The partial cross section in figure
1(a) is mainly dominated

by [6s2 1 S0 + ks](J = 1/2), [6s5d 1 D2 + kd](J = 1/2) and 6s6p 3 Po0,1,2 + kp (J = 1/2)
ionization channels. The cross section near the ionization threshold displays the typical
threshold feature of the s-wave ionizing electron. From the photon energy of 1.5 eV to 2.5 eV,
the structure is attributed to several broad peaks caused by a few weak shape resonances.
In figure 1(b) the ionization channels [6s2 1 S0 + kd](J = 3/2), [6s5d 3 D1,2 + ks](J =
3/2), [6s5d 3 D1,2,3 + kd](J = 3/2), [6s5d 1 D2 + kd](J = 3/2) and [6s6p 3 Po 0,1,2 + kp](J =
3/2) contribute to the J = 3/2 partial cross section. In figure 1(b) one can see two sharp
peaks around 0.357 eV and 1.452 eV and a broader peak between 1.5 eV and 2.5 eV photon
energy. The first sharp peak is contributed by the [6s2 1 S0 + kd](J = 3/2) ionization channel
with a strong kd3/2 -wave shape resonance located at 0.174 eV of the free electron energy. In
the present paper, we take the position of the peak as the resonance position. This d-wave
shape resonance has been studied by many authors [22–24, 39], among which the most recent
non-relativistic close-coupling value of 0.122 eV [39] and an early one-channel relativistic
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value of 0.220 eV are closest to the present result. The second peak lies just above the excited
states 6s5d 3 D1,2,3 and is contributed by the [6s2 1 S0 + kd](J = 3/2), [6s5d 3 D1,2 + ks](J =
3/2) and [6s5d 3 D1,2,3 + kd](J = 3/2) ionization channels. The dominating contribution
comes from the [6s5d 3 D1,2,3 + kd](J = 3/2) ionization channel with a mixing between kd3/2
and kd5/2 -wave shape resonances located from 0.29 to 0.34 eV higher than the 6s5d 3 D1,2,3
excited
 but broader peak between 1.5 eV and 2.5 eV is mainly caused by
 states. The strong
the 6s6p 3 Po0,1,2 + kp (J = 3/2) ionization channel. There is another structure between
the second small sharp peak and the broader peak, which should be attributed to the
[6s5d 1 D2 + kd](J = 3/2) ionization channel.
For the same reason as the d-wave shape resonances, figure 1(c) also shows two narrow
giant shape resonances. One of them occurs at 0.388 eV photon energy, higher than the
elastic threshold with a free electron energy of 0.205 eV, and the other one is located at
1.479 eV photon energy which is above the first excitation threshold. The second peak is
mainly contributed by a shape resonance state of an excitation photodetachment process with
the target in the excited states and the free electron with energies from 0.29 to 0.34 eV. There
is a bit of difference between the widths of the two peaks, because the first peak is caused
only by the [6s2 1 S + kd](J = 5/2) ionization channel, while the second peak is caused by the
[6s5d 3 D2,3 + ks](J = 5/2) and [6s5d 3 D1,2,3 + kd](J = 5/2) ionization channels at the same
time with both kd3/2 and kd5/2 free electrons being coupled and split due to the differences
in ionization thresholds and angular momentum coupling. As the cross sections around the
first resonance peaks in figures 1(b) and (c) are contributed by pure one-channel ionization, a
31 meV separation of the two peaks gives the fine-structure split of the [6s2 1 S + kd](J = 3/2)
and [6s2 1 S + kd](J = 5/2) shape resonance states. The present split is about twice of the
value of 15.6 meV given by Dzuba et al [25]. Some difference exists between the estimates
of the fine-structure split. In the present case, the fine-structure split was defined as the
photon energy separation between the tops of the two sharp peaks in figures 1(b) and (c),
while in Dzuba et al’s calculation it was determined from the electron energy separation
between the two π2 phase shifts of the [6s2 1 S + kd](J = 3/2) and [6s2 1 S + kd](J = 5/2)
scattering channels. However, at such low energies, the background of the phase shift is
very small and the resonance position is almost the same as the position of the π2 phase shift.
Therefore, the difference in the method of determining the resonance position between the
present and Dzuba et al’s calculations would not cause considerable uncertainties for a direct
comparison. The relativistic split of the two d-wave shape resonance states is about half
of the split between Ba− 6s2 6p 2 P1/2 and Ba− 6s2 6p 2 P3/2 of the attached p-electron. As the
fine-structure split of the bound electron states has been predicted accurately by the present
calculation, we believe that the fine-structure split predicted for the d-wave shape resonance
is also reliable. In the calculation of Dzuba et al, the position of the d-wave shape resonance
was at a higher energy of 0.221 eV compared to the present statistical average position
0.193 eV, so the spin-orbit interaction should be weaker for the d-wave shape resonance
state in their calculations. In a later calculation, Dzuba and Gribakin [26] predicted that
[6s2 1 S + kd](J = 3/2) has a very weak bound state at −15 meV and [6s2 1 S + kd](J = 5/2)
has a shape resonance at 60 meV with a fine-structure split of about 75 meV. Although the
authors stated that they could not prove or disprove the existence of the bound state due to
the uncertainty in the calculated energy, the sensitivity of the fine-structure split depending
on the position had been shown clearly. Figure 1(d) gives the total cross section from the
6s2 6p 2 P3/2 state. In figure 1 one can see that the length and the velocity form of the cross
section agree with each other quite well. The total cross section of a non-relativistic R-matrix
calculation is also presented in figure 1(d) for comparison. One can see that without the
relativistic fine-structure splits the shape resonance peaks obtained by the non-relativistic
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Figure 2. The partial and total photodetachment cross sections from the 6s2 6p 2 Po1/2 level of the
negative atomic barium ion: (a) J = 1/2, (b) J = 3/2, and (c) the sum of (a), (b) partial cross
sections. The meanings of the curves are the same as those in figure 1 and the non-relativistic
R-matrix results of Yuan [39] are also shown in figure 2(c) with thin solid and dashed lines as in
figure 1(d).

calculation are at a higher photon energy and more narrow than the corresponding relativistic
ones.
The partial and total cross sections from the bound state 6s2 6p 2 P1/2 of the negative
atomic barium ion with the photon energy from threshold to 2.5 eV are illustrated in
figure 2. The meanings of the curves are the same as in figure 1. In figure 2(a), the
[6s2 1 S + ks](J = 1/2) ionizing channel gives a typical s-wave near-threshold structure at
the elastic threshold. The structure between 1.5 eV to 2.5 eV is more complex. The first
peak should be contributed by the [6s5d 1 D2 + kd](J = 1/2) ionization channel and the
second one by [6s6p 3 Po0,1,2 + kp](J = 1/2) . The total cross section is mainly contributed
by the J = 3/2 partial cross section shown in figure 2(b). In figure 2(b) there are two
shape resonances occurring with photon energies of 0.415 eV and 1.509 eV corresponding
to a free electron energy of 0.175 eV for the first peak. The first sharp peak is contributed
by the [6s2 1 S + kd](J = 3/2) ionizing channel while the second one is a mix structure
3
D1,2 + ks](J
= 3/2) and [6s5d 3 D1,2,3 + kd](J = 3/2) ionization channels. The
of

 [6s5d
3 o
6s6p P0,1,2 + kp (J = 3/2) ionization channel also contributes a broad but weak peak to
the partial cross section from 1.7 eV to 2.5 eV. As with the second peak in figures 1(b) and
(c), the second peak in figure 2(b) is also wider than the first one because it involves more
uncertainties for the ionized electron energy and more different angular momentum coupling
schemes. The agreement between the length and the velocity form is also quite good in both
the partial and total cross sections shown in figure 2.
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Figure 3. The total photodetachment cross sections summed over the 6s2 6p 2 Po3/2 and 6s2 6p 2 Po1/2
states of the negative atomic barium ion with their statistical weights 2J + 1 (top) and a Boltzmann
distribution among the two states at 1000 K (bottom). The meanings of the curves are the same as
in figures 1 and 2 and the non-relativistic R-matrix results of Yuan [39] are also shown with thin
lines.

In order to get the total photodetachment cross section of the negative atomic barium
ion, two summations of the total cross sections from the 6s2 6p 2 Po3/2 and 6s2 6p 2 Po1/2 levels
are given in figure 3. One is made according to the statistical weights (2J + 1) of the two
bound states and the other one is according to a Boltzmann distribution among the two states
at 1000 K, which is used to simulate the barium beam temperature in experiment. One can
find that the temperature has apparent influence on the detailed shapes of the fine structures
around 0.4 and 1.5 eV. This is important for a quantitative comparison between theory and
experiment. The solid lines and the long-dashed lines stand for the length and the velocity
form of the cross section, respectively. The thick lines are the present results while the thin
lines are our previous non-relativistic results. One can see that the two results are similar in
general, but differences also exist between them in particular for the fine structures of the shape
resonance peaks. Relativistic splits have been shown clearly for both the attached p-electron
in the negative ion and the d-wave shape resonances. One of the most important differences
is that at the two sharp peaks near the elastic and first excitation thresholds, our results predict
evident relativistic effect, which can be applied in the identification of the experimental results.
Another difference is that the present cross sections are smaller than our non-relativistic results
where the shape resonances occur and in the photon energy range from 1.5 eV to 2.5 eV.
With the same wavefunction for the photodetachment process, the total and elastic electron
scattering cross section from barium atoms are also calculated. For the convergence of the
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Figure 4. The total and elastic scattering cross section of an electron from barium atoms: The thick
solid and long-dashed lines are the integral total and elastic cross section of the present results,
while the thin lines are those of Yuan’s CV results [39] and the dotted line in (a) is from Dzuba
et al [25]. The empty circles are the experimental total integral cross sections [19].

result, we summed the contribution to the cross section of partial waves up to J = 20 12 .
Figure 4 shows the integral total and elastic cross sections from threshold to 10 eV along with
our early non-relativistic core–valence(CV) correlation result [39] and the experimental result
[19]. Among the reported theoretical calculations of electron scattering [25–30], Fursa et al
[29] and Adibzadeh et al [30] gave a wide range of total cross sections from 1 eV to 1000 eV
but less attention was focused on the near threshold structure below 1 eV. Szmytkowski and
Sienkiewicz [27] employed a static polarized orbital approach to approximate the dynamical
process. Kelemen et al [28] used a local complex model potential to represent the interaction
between a free electron and an atom. The uncertainties involved in their theory made it
difficult to evaluate the result below 0.5 eV. Therefore, we do not plot the above four former
theoretical results in the figure for comparison. In figure 4, the thick solid and long-dashed
lines stand for the total and elastic cross sections of the present results respectively, while the
thin lines stand for our previous results. The present results show similar structures to our
previous results in general. The inset figures (a) and (b) illustrate the difference when the
shape resonances occur. The non-relativistic results have two very sharp peaks at respectively
0.125 eV and 1.26 eV shown in the inset figures (a) and (b), which come from the 2 D partial
wave. In inset figure (a), because of the relativistic effect we have two sharp peaks at 0.163 eV
and 0.194 eV which come from J = 3/2 and J = 5/2 partial waves respectively and have
typical shape resonance features. The fine-structure split of the [6s2 1 S + kd](J = 3/2) and
[6s2 1 S + kd](J = 5/2) is 31 meV just as same as that we obtained in the photodetachment
process. By using a relativistic many-body perturbation theory and the correction potential
method, Dzuba et al [25] obtained total cross section from threshold to 0.04 Ry (0.544 eV).
For the clarity of the figure, we only plot their results with the dotted line in the inset figure (a)
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for comparison. One cannot see clearly the splitting of the d-wave resonances from their result
because of the smaller fine structure interval, although the width of this resonance is very
close to the present result. Also because of the relativistic effect, the present shape resonances
occur at a little higher electron energy with a broader and lower resonant peak than our early
non-relativistic result. For the same reason, we can explain that in the inset figure (b) the
resonance distributions are also much wider than the non-relativistic result, since they come
from the [6s5d 3 D1,2,3 + kd] collision channel and may split into six relativistic ionization
channels. Due to overlap between ionization channels, one can not see clear splits, as shown
in the inset figure (a).
The only experimental electron scattering cross sections were given by Romanyuk
et al [19]. It is evident that there is a systematic error in their electron energy scale. With a
movement of 0.8 eV of their results to higher energies, the observed threshold structure for
a Sr atom at the first excited state can be moved to its actual position at 1.82 eV [39]. In
figure 4, the empty circles are the integral total cross section of the experimental results [19]
for Ba, which have been shifted systematically also by 0.8 eV to higher energies, as we did
for the Sr atom [39]. In figure 4, we can find that both the present full relativistic and the
early non-relativistic theoretical total cross sections are much higher than the experimental
values for the collision energies above 1.5 eV. In our early calculations [39], after considering
the core–valence electron correlation, the total cross section was about 5% lower than that of
valence only, and we suspected that the discrepancy between theory and experiment was due
to the relativistic effect which was not considered there. However, the present fully-relativistic
calculation does not reduce the large discrepancy between theory and experiment any more.
In order to clarify the source of the difference between theory and experiment, more accurate
experimental measurements are needed.
In summary, we have carried out calculations on the interaction between a slow electron
and barium atoms by using a fully relativistic R-matrix method. The results show that the
total photodetachment cross section is mainly characterized by two shape resonances, above
the elastic threshold and the first excitation threshold, respectively, and a broad giant structure
between 1.5 eV and 2.5 eV reflecting the interactions between different ionization channels.
The total electron scattering cross section from threshold to 10 eV is given. The results
show that by including the relativistic effect the large discrepancy between the theoretical
and experimental results still cannot be eliminated. Obvious fine-structure splits are shown
compared with the corresponding non-relativistic calculations when shape resonances occur.
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