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Calculation of electron scattering from the ground state of barium

Dmitry V. Fursa* and Igor Bray
Electronic Structure of Materials Centre, The Flinders University of South Australia, G.P.O. Box 2100, Adelaide 5001, Austra

~Received 29 July 1998!

We present nonrelativistic convergent close coupling calculations of electron scattering from the ground
state of barium at energies ranging from 1 to 987 eV. At selected energies the effect of the inclusion or neglect
of the target continuum is estimated. Very good agreement is found with measurements of the (6s6p) 1Po

apparent cross section at all energies. In addition, good agreement is obtained for differential cross sections of
elastic scattering, and (6s6p) 1Po and (6s5d) 1De excitations. The calculated (6s6p) 1Po electron-photon
angular correlations are in good agreement with experiment.@S1050-2947~98!05212-3#

PACS number~s!: 34.80.Bm, 34.80.Dp
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I. INTRODUCTION

This decade has seen immense progress in the calcul
of electron-atom scattering. To a large extent this is due
the computational technology, particularly with larg
random-access memory~RAM!, that has become recentl
available. In our case the change in computational tech
ogy has changed the direction of research. In the prev
decade we concentrated on numerical techniques tha
quired relatively small RAM @coupled-channels optica
~CCO! method @1##, whereas now using the converge
close-coupling~CCC! method we work routinely with large
scale ~15 000315 000! matrices requiring machines in ex
cess of 1 Gb of RAM.

The CCC method was developed in response to the lo
standing discrepancy between theory and experiment for
54.4-eV 2P angular correlation parameters at backwa
angles, but failed to resolve this discrepancy@2#. However,
recently Yalim, Cvejanovic, and Crowe@3# reported new
measurements which yielded excellent agreement w
theory where previous measurements did not. Furtherm
O’Neill et al. @4# also reported new measurements claim
the corresponding older ones were in error, though their d
did not support the theory quite as well as those of Yal
Cvejanovic, and Crowe. Further support to theory has b
given by Williams @5# who discusses the difficulty of th
measurements and gives new measurements at the lowe
ergy of 16.5 eV, where the 2P cross section is substantiall
larger at the backward angles than at 54.4 eV, and fi
excellent agreement with theory.

From the theoretical standpoint the abovee-H scattering
problem has become primarily an experimental one. N
we would argue, the major fundamental problem betwe
theory and experiment is the substantial discrepancy in m
nitude for thee-He(23S) excitation to higher triplet state
@6#. The CCC results have been recently confirmed
Bartschat@7# while the experimental data has been recen
reanalyzed and further increase the discrepancy@8,9#.

We are confident in the accuracy of the CCC method
electron scattering from ground states of light atoms w
one or two valence electrons. It has been successfully app
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to H, He, Be, Li, and Na atoms@2,10–13#. It has always been
our aim to develop the method into a general electron-ato
ion scattering theory, capable of providing reliable data fo
large variety of targets. The extension we are presently
vestigating is application of the CCC method to heavier t
gets, but only those with one or two valence electrons. T
barium atom is an ideal choice due the availability of exte
sive and detailed experimental data.

Over the past two decades electron-barium scattering
been subject of intense experimental and theoretical stu
Foundation for detailed experimental study ofe-Ba scatter-
ing processes has been established with accurate mea
ment of the (6s6p) 1Po apparent cross section by Chen a
Gallagher@14#. Although the cascade contributions to th
direct (6s6p) 1Po cross section at low and intermediate e
ergies have been only roughly estimated, it was used
absolute normalization of the elastic (6s6p) 1Po and
(6s5d) 1De differential cross sections~DCSs! by Jensen,
Register, and Trajmar@15#, and later for elastic and
(6s6p) 1Po DCSs by Wang, Trajmar, and Zetner@16#. The
total ionization cross section has been measured by V
shtein et al. @17# and Dettmann and Karstensen@18#. The
total cross section was measured by Romanyuk, Shpe
and Zapesochny@19#.

One of the most attractive properties of the barium at
is that the (6s6p) 1Po level can be pumped from the groun
state using readily available lasers. The first measuremen
electron scattering DCSs from excited states of barium,
(6s6p) 1Po level and the (6s5d) 1De metastable level, have
been reported by Registeret al. @20#. More recently, cross
sections for scattering from the (6s6p) 1Po state of barium
have been reported by Li and Zetner@21#, Zetneret al. @22#,
and Trajmaret al. @23#. Laser excitation of the (6s6p) 1Po

level allows for measurement of electron impact cohere
parameters~EICPs! @24# for this level using the superelasti
scattering technique. This way EICPs have been meas
for the (6s6p) 1Po-(6s5d) 1De transition by Li and Zetner
@25#, and for the (6s6p) 1Po-(6s2)1S transition by Zetner,
Li, and Trajmar@26,27# and Li and Zetner@28#. In addition,
EICPs were obtained for the elastic (6s6p) 1Po-
(6s6p) 1Po transition by Trajmaret al. @23#.

Measurement of electron scattering from excited state
barium are of great importance for both practical applic
tions @29–31# and for testing fundamental aspects
282 ©1999 The American Physical Society
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PRA 59 283CALCULATION OF ELECTRON SCATTERING FROM THE . . .
electron-atom scattering theory. They pose a serious c
lenge to existing theoretical methods. To date only the u
tarized distorted wave approximation~UDWA! calculations
have been extensively applied to the problem@22,32#, while
the CCC method has been applied to the calculation of
elastic (6s6p) 1Po-(6s6p) 1Po transition @23# and the
(6s6p) 1Po-(6s5d) 1De transition@33#.

On the other hand scattering from the ground state
been studied theoretically in much more detail. Gregory a
Fink @34# solved numerically the Dirac equation with a rel
tivistic Hartree-Fock-Slater potential and presented ela
scattering results at 100–1500 eV. Szmytkowski and S
kiewicz @35# have used the relativistic polarized-orbital a
proximation for the calculation of elastic scattering from 0
to 100 eV. The two- and three-state close-coupling calcu
tions of Fabrikant@36–38# are nonrelativistic calculation
which used semiempirical target wave functions. The res
of the two-state (6s2)1S and (6s6p) 1Po calculations@37#,
which neglect exchange between the projectile and the ta
electrons, have been reported at many energies.

Excitation of the (6s6p) 1Po state has been studied b
Clark et al. @39# using unitarized distorted-wave approxim
tion. This method incorporates relativistic mass and Darw
corrections and one-body spin-orbital term in the calculat
of the Ba wave functions, but no relativistic corrections ha
been included in the projectile-target potential. Srivasta
et al. used the relativistic distorted-wave approximati
~RDWA! to calculate cross sections and EICPs for excitat
of the lowest lying1,3P1 states@40# and the1,3D1,2,3 states
@41#. The RDWA is a fully relativistic method both in th
calculation of the target structure and the electron scatter
based on the solution of the Dirac equations.

The important conclusion from both the UDWA an
RDWA calculations is that for the singlet (6s6p)P and
(6s5d)D state excitations the relativistic effects, both in c
culation of the target structure and electron scattering,
negligible. This was also supported by the experimental
sults of Li and Zetner@28# for the degree of polarizationP
for the (6s6p)1Po state, which was found to be equal
unity, in accordance with nonrelativistic theory. We, the
fore, feel confident that the CCC method, which presently
nonrelativistic, can provide valuable and reliable informati
for the large spin-preserving transitions. For the ground
tial state these involve elastic scattering and the excitatio
the (6s6p)1Po and (6s5d)1De states.

Recently we have applied the CCC method to investig
electron scattering from the ground state of barium at
single incident electron energy of 20 eV@42#. The purpose of
this paper is to expand on this work and present deta
analysis ofe-Ba scattering across a wide range of incide
electron energies.

In Sec. II we will provide details of the calculation of th
barium wave functions and electron scattering. This is f
lowed by a detailed comparison of our results with expe
ment and earlier calculations. We also discuss the breakd
of the nonrelativistic approximation for excitation of th
(6s6p)3P1

o and (6s5d)3D2
e states and indicate how it can b

remedied. Finally, in Sec. IV, we formulate conclusions a
indicate future direction for our research.
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II. BARIUM WAVE FUNCTION AND ELECTRON
SCATTERING CALCULATIONS

The detailed description of the CCC method for calcu
tion of electron scattering from alkaline earth atoms has b
given and demonstrated by application toe-Be scattering
@11#. The extension to barium from beryllium is straightfo
ward.

The calculation of the Ba target structure is performed
the nonrelativisticLS coupling scheme. For the Ba structu
we use a model of two valence electrons above an in
Hartree-Fock core. Configuration-interaction~CI! expansion
~for valence electrons! is used to calculate target wave fun
tions. A self-consistent Hartree-Fock calculation is p
formed for the Ba1 ion. The 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p,
4d, 5s, and 5p orbitals are then frozen and used to define
frozen-core Hartree-Fock HamiltonianH1. We obtain a fur-
ther set of single-particle orbitals by diagonalization of t
Ba1 ion ~one-electron! HamiltonianH1 in a Laguerre basis
The radial parts of the single-particle functions are

jkl~r !5S l l~k21!!

~2l 111k!! D
1/2

3~l l r ! l 11exp~2l l r /2!Lk21
2l 12~l l r !, ~1!

where theLk21
2l 12(l l r ) are the associated Laguerre polynom

als, andk ranges from 1 to the basis sizeNl .
This calculation has been performed in two steps@11#.

The first diagonalization is performed to obtain good exci
Ba1 orbitals. The typical Laguerre basis parametersNl ,l l
used wereN0533,l055, N1533,l155, N2530,l254,
and N3525,l353. The second diagonalization uses then
<5 core orbitals, together withn<6 frozen-core Hartree-
Fock @43# orbitals, and then>7 orbitals obtained from the
first diagonalization, to obtain an orthonormal set of orbit
which describes the ground and the excited states of B1

well.
A phenomenological core-polarization potentialVpol has

been added toH1 in order to fit the one-electron ionizatio
energies of the Ba1 ion. This potential is chosen to be th
same as in Ref.@13#,

Vpol~r !52
ad

2r 4
W6~r /r l !, ~2!

where

Wm~r /r!512exp@2~r /r!m#, ~3!

andad is the static dipole polarizability of the core. We us
the following values for the dipole polarizability:ad511 a.u.
and cutoff radiir05 1.8,r152.2 ,r253.4, andr352.47 a.u.

The two-electron configurations have been chosen in s
a way that one of the electrons always occupies one of
6s, 7s, 6p, 7p, or 5d orbitals ~ionic core orbitals! of the
Ba1 ion. We have found that this set of orbitals is sufficie
to account for the electron-electron correlations in the lo
lying target states. We have added a phenomenological t
electron polarization potential@44,45# to the electron-
electron Coulomb potential
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TABLE I. Ionization energies for low-lying states in barium. Experimental data from Moore@63# and
Palenius@64# (5d23Fe and 5d21S levels!. States are labeled by the major configuration.

Experiment Present Experiment Present
Label E ~eV! Label E ~eV! Label E ~eV! Label E ~eV!

1S 6s2 5.211 6s2 5.237 3S 6s7s 1.968 6s7s 1.962
5d2 1.894 5d2 1.899 6s8s 1.008 6s8s 0.841
6s7s 1.711 6s7s 1.687 5d6d 0.693 5d6d 0.627
6p2 0.950 6s8s 0.734 3Po 6s6p 3.589 6s6p 3.649

1Po 6s6p 2.972 6s6p 2.973 6p5d 2.008 6p5d 1.941
5d6p 1.671 6s7p 1.625 6s7p 1.380 6s7p 1.367
6s7p 1.176 6s8p 1.099 7p5d 0.606 7p5d 0.543
6s8p 0.761 6s9p 0.507 3De 6s5d 4.051 6s5d 4.026

1De 6s5d 3.798 6s5d 3.798 6s6d 1.396 6s6d 1.386
5d2 2.352 5d2 2.214 7s5d 1.097 7s5d 1.077

6s6d 1.462 6s6d 1.448 6s7d 0.777 5d6d 0.698
7s5d 1.021 7s5d 1.028 3Fo 6p5d 2.349 6p5d 2.357
6p2 0.829 6s7d 0.708 6s4 f 0.919 6s4 f 0.897

1Fo 6p5d 1.887 6p5d 1.893 6s5 f 0.567 6s5 f 0.414
6s4 f 0.905 6s4 f 0.881 3Pe 5d2 2.274 5d2 2.129
6s5 f 0.589 7p5d 0.576 6p2 0.844 6p2 0.694
7p5d 0.532 6s5 f 0.371 3Do 6p5d 2.152 6p5d 2.126

1Pe 5d6d 0.636 5d6d 0.664 7p5d 0.603 7p5d 0.599
1Do 6p5d 2.350 6p5d 2.368 3Fe 5d2 2.616 5d2 2.456

7p5d 0.614 7p5d 0.636 5d6d 0.561 5d6d 0.525
5d4 f 0.208 1Fe 5d6d 0.727 5d6d 0.717
to
t
t

of
en-
ver
rre-
n.

are

hs
ave
gth
-

V12
d ~ r̂1• r̂2!52

ad

r 1
2r 2

2P1~ r̂1• r̂2!AW6~r 1 /r!W6~r 2 /r!,

~4!

where P1 is the Legendre polynomial of degree 1,r54.4
a.u., and the value ofad511 a.u. is the same as in Eq.~2!.
The parameterr of this potential has been obtained
achieve best agreement with the experimental values for
(6s6p)1Po and (6s5d)1De energy levels. We thus obtain a
least three bound states~if any! for each target symmetry
sufficiently accurately.
he

The ionization energy levels for low-lying states
barium are given in Table I. For triplet states the experim
tal values have been obtained by weighted averaging o
fine-structure sublevels. We also give the state label co
sponding to the major configuration in the CI expansio
Agreement with experiment is quite good. Our results
similar to those of Friedrich and Trefftz@46# who also used a
nonrelativistic CI method.

In Table II we compare our results for oscillator strengt
f with experiment and other calculations. Present results h
been calculated using the modified form of the dipole len
operator@44,47#. In the nonrelativistic formalism the oscilla
TABLE II. Oscillator strength~a.u.! for selected transitions in Ba.

Present Calculations Experiments

(6s6p)1Po-(6s2)1S 1.686 2.136@22#, 1.68 @49# 1.59 @65#, 1.64 @66#

(6s7p)1Po-(6s2)1S 0.122 0.161@22#, 0.14 @49# 0.174@65#, 0.14 @67#

(5d2)1S-(6s6p)1Po 0.006 0.033@46#

(6s7s)1S-(6s6p)1Po 0.185 0.153@46#

(5d2)1De-(6s6p)1Po 0.085 0.1@46#

(6s6p)1Po-(6s5d)1De 0.0035 0.0019@22#, 0.0057@49# < 0.0034@68#

(6s7p)1Po-(6s5d)1De 0.118 0.122@22#, 0.13 @49# 0.13 @69#, 0.17 @70#

(6p5d)1Fo-(6s5d)1De 0.158 0.346@22#, 0.2 @49# 0.39650% @51#

(6s4 f )1Fo-(6s5d)1De 0.116 0.25@46# 0.25 @51#650%, 0.12@71#

(6s4 f )3Do-(6s5d)3De 0.365 0.41@46#, 0.51 @72# 0.66650% @51#

(6p5d)3Po-(6s5d)3De 0.256 0.32@46#, 0.25 @72# 0.45650% @51#

(6p2)3Pe-(6s6p)3Po 0.529 0.63@46#, 0.47 @72# 0.77650% @51#

(6s6p)3P1
o-(6s5d)3D1

e 0.013 0.0089@22#, 0.017@49# 0.0154625% @51#

(6s6p)3P1
o-(6s5d)3D2

e 0.023 0.0135@22#, 0.029@49# 0.0263625% @51#
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tor strength for transition between states of different mu
plicity is zero. For transitions between triplet states
present multiplet average values. For transitions betw
components of multiplet we assumeLS coupling and express
the oscillator strength via the multiplet average value~see
Sobel’man@48# for details!

f ~2S811LJ8
8 ;2S11LJ!5~2L11!~2J811!

3H S8 J L

1 L8 J8
J 2

3dS8,Sf ~2S811L8;2S11L !. ~5!

Here initial ~final! state has spinS (S8), orbital angular mo-
mentumL (L8), and total angular momentumJ (J8). Gener-
ally, our results are in good agreement with experiment
other accurate calculations. The last two entries in the ta
make use of Eq.~5! as specificJ andJ8 are given. Excellent
agreement with the (6s6p)3P1

o-(6s5d)3D1,2
e lines, which

have a relatively small experimental uncertainty, sugge
that singlet-triplet mixing for these levels is small. This
supported by the results of Bauschlicher, Jr.et al. @49# for
the (6s6p)3P1

o level who gave the value of the mixing pa
rameter sinb50.0919 in the equation

F8„~6s6p!3P1
o
…5cosb F„~6s6p!3P1

o
…

2sin b F„~6s6p!1P1
o
…. ~6!

We have used in Eq.~6! the nonrelativistic Russell-Saunde
wave functions in theLSJM representation via

FmJ

JLSP5 (
mL ,mS

CmLmSmJ

LSJ FmLmS

LSP , ~7!

where P is the parity. The singlet-triplet mixing for the
(6s5d)3D2

e state can be accounted for in a similar manne

F8„~6s5d!3D2
e
…5cosb F„~6s5d!3D2

e
…

2sin bF„~6s5d!1D2
e
…, ~8!

with value of mixing parameter cosb50.978 taken from the
calculations by Trefftz@50#.

Following Bauschlicher, Jr.et al. @49# we can use Eq.~6!
in order to estimate the oscillator strength for the interco
bination line (6s6p)3P1

o-(6s2)1S. Our value of 0.00998 a.u
is in good agreement with the experimental value of 0.009
a.u. 650% @51#. Although singlet-triplet mixing for the
(6s6p)3P1

o and (6s5d)3D2
e levels is small, we will see in the

next section that it is sufficient to break down the nonre
tivistic approximation for electron impact excitation of the
levels. In this case we may remedy, in an approximate w
this problem using Eqs.~6! and ~8!.

For the ground state we have calculated the static dip
polarizability using oscillator strengths for1P states. Both
negative energy and positive energy states have been u
The obtained value of 264.3a0

3 is in very good agreemen
with the recommended value of (268621.6)a0

3 quoted by
Miller and Bederson@52#. The dominant part of the polariz
ability ~92%! comes from the resonance (6s6p)3P1

o level.
-

n

d
le

ts

,

-

4

-

y,

le

ed.

The continuum contributes less than 1%. This is in contr
to the case of helium, where approximately half of the p
larizability is due to the continuum.

Barium wave functions exhibit a great deal of configur
tion interaction, not only in the low-lying states but also f
the high-lying discrete spectrum states. A better accurac
the description of the high-lying states is achieved by sim
increasing the size of the Laguerre basis. However, this le
to a very fine discretization of the target continuum, requ
ing unnecessarily large close-coupling calculations. Inst
we form optimized orbitals suitable for the low-lying stat
and have the Ba continuum predominantly based on the B1

ground states core, just as we did for the case of the Be ta
@11#.

The e-Ba scattering calculations have been performed
two models. The first has only negative-energy states~rela-
tive to the Ba1 ground state! included in the close-coupling
expansion. This, 55-state, close-coupling calculat
@CC~55!# comprises five1S, six 1Po, seven1De, five 1Fo,
three 3S, six 3Po, five 3De, five 3Fo, one 1Pe, three 1Do,
one 1Fe, three 3Pe, three 3Do, and two 3Fe states. The
second, 115-state calculation@CCC~115!#, has both negative-
and positive-energy states. This close-coupling calcula
comprises of 141S, 17 1Po, 19 1De, 19 1Fo, 7 3S, 9 3Po,
9 3De, 9 3Fo, and two each of1,3Pe, 1,3Do, 1,3Fe states. The
negative energy states in CC~55! and CCC~115! calculations
are exactly the same for first three states of each symme
while differing insignificantly for most of the higher lying
negative energy states. The difference in the results of
scattering calculations in these two models should co
from the coupling to the ionization continuum which is a
sent in the CC~55! calculations and present in the CCC~115!
calculations. The CC~55! calculations take significantly les
computer time. We therefore have chosen to perform CC~55!
calculations over a wide energy range, while CCC~115! cal-
culations have been performed at selected incident elec
energies. Note, that no attempt has been made in the pre
work to reproduce resonance behavior of the cross sectio
the interval between first excitation threshold and ionizat
threshold. The present technique is not the most effic
method for such purposes, other methods, most notably
R-matrix method@53,54#, is a more convenient choice in thi
case.

III. RESULTS

The great strength of the close-coupling method is t
from a single calculation for a given total energy we obta
scattering amplitudes between all states included in the
culation. Thus, elastic, excitation, and ionization proces
are calculated simultaneously from the ground and exc
states. On the other hand, the calculations are particul
exhaustive of the computational resources. For this reaso
is particularly helpful to have experiments, which usua
concentrate on a single transition, to be performed at
same total energy where measurements exist for other t
sitions. This way a single calculation may be tested again
wider range of experiments that may involve scattering fr
the ground or excited states.

Given the large set of results that the CCC calculatio
yield we separate their discussion into three subsections.
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first subsection deals with integrated cross sections, the
ond with differential cross sections, and the third w
electron-photon angular correlations for the (6s6p)1Po

state.

A. Integrated cross sections

The integrated cross section~ICS! for the (6s6p)1Po

level is of particular importance because it is used for
normalization of elastic and other excitation cross sectio
No measurements of the direct (6s6p)1Po ICS are available
to date. Chen and Gallagher@14# reported measurements o
the optical excitation function which is the sum of the dire
(6s6p)1Po ICS and cascade contribution from the high
lying levels. We have calculated branching ratios for the
negative energy states and used them together with the
from the CCC~115! and CC~55! calculations to evaluate cas
cade contributions and hence estimate the measured op
excitation function. Both direct and apparent cross secti
from the CCC~115! and CC~55! calculations are presented
Fig. 1. The direct cross section results of the two-state clo
coupling calculations of Fabrikant@37# and the UDWA cal-
culations of Clarket al. @39# are also presented.

We see that above the ionization threshold~5.2 eV! the
apparent cross section measurements are substantially b
the results of the CC~55! calculations. Below the ionization
threshold excellent agreement is found at 5 and 4 eV, bu
lower energies, where there is no cascading contribution
find our results to be somewhat below the experimental d

Comparing the CCC~115! and CC~55! ‘‘apparent’’ results
we find that the inclusion of the coupling to the ionizatio
continuum reduced the cross section to the experimental
ues, after the latter has been multiplied by 1.06. The rea
for the renormalization is that the Chen and Gallagher d
was normalized at high energy to the Born result of Kim a
Bagus@55#. At 897 eV our Born value is 3.63310216 cm2

~with 4.6% cascade contribution! and the Born value of Kim
and Bagus is 3.41310216 cm2 ~with 4% cascade contribu
tion!. The corresponding oscillator strength in our calcu

FIG. 1. Apparent and direct 61Po excitation integrated cros
sections for electron scattering from the Ba ground state.
CCC~115! and CC~55! calculations are described in the text. Th
UDWA calculations are due to Clarket al. @39# and CC~2! calcu-
lations are due to Fabrikant@37#. The experiment due to Chen an
Gallagher@14#, has been renormalized by the factor of 1.06, s
text.
c-

e
s.

t
r
a
S

cal
s

e-

low

at
e
a.

l-
on
ta
d

-

tions is 1.69 which is identical to the value calculated
Bauschlicher, Jr.et al. @49#, who suggest that the most acc
rate experimental estimate is 1.6460.16. Therefore, we sus
pect that a marginally more accurate normalization of
experiment is achieved by multiplying the experiment
1.06, the ratio of the two Born results.

Interesting to note that the experimentally observed str
ture in the apparent cross section at 8.35 eV is absent in
CC~55! results but is present in the CCC~115! results, where
the total ionization cross section has a sharp maximum,
Fig. 8. We believe that the origin of the structure in t
experimental excitation function at 8.35 eV is caused
relative diminishing of both the direct cross section and
cascade contribution to it due to a loss of flux to ionizati
channels.

Comparing the different theories for the direct ICS, a
suming the CCC~115! to be the most accurate, we see th
the two-state results of Fabrikant@37# and the UDWA results
of Clark et al. @39# are substantially too high. However, th
RDWA results of Srivastavaet al. @40# ~not presented! are
even larger. The major difference between the UDWA a
RDWA results comes from the unitarization procedure us
in the UDWA calculation. Our work has demonstrated th
accurate ICS at the intermediate energies are only able t
obtained if coupling is allowed to higher discrete states a
the target continuum.

The present results are tabulated in Table III. The casc
contribution to the apparent (6s6p)1Po ICS for the
CCC~115! calculations is smaller than in the CC~55! calcu-
lations. Loss of flux to the ionization channels in th
CCC~115! model is responsible for this. As the incident ele
tron energy increases the results of the two models conv
to the Born approximation. We find that the majori
(.80%) of the cascade contribution comes from the exc
tion of the (5d2)1D, (6s6d)1D, (6p2)1D, (6s7s)1S, and
(6s8s)1S states. All of these have a branching ratio of'1,
except for (6p2)1D which has a branching ratio of'0.8. At
incident electron energy of 5, 10, 15, and 20 eV our estim
of the cascade contribution to the (6s6p)1Po optical excita-
tion function ~see Table III! is different from the values of
5% at 5 eV, 10% at 10 and 15 eV, and 20% at 20 eV used
Wang, Trajmar, and Zetner@16# for the normalization of the
differential cross sections~DCSs!. It is also substantially dif-
ferent from the cascade estimate of 30% by Jensen, Reg
and Trajmar@15# which was used for the normalization o
the DCS at 20 to 100 eV energies. Accordingly, we belie
these should be marginally renormalized for greater ac
racy.

In Fig. 2 we present comparison of the experimental a
theoretical results for the polarization of the Ba 61Po line.
The influence of the barium isotope mixture~18% of 135Ba
and 137Ba with nuclear spin I53/2! on the polarization func-
tion has been discussed by Fabrikant@37#. We use Eq.~12!
from Ref. @37#,

P5
s02s1

1.104s011.210s1
, ~9!

where sm , m50,1 are magnetic sublevel integrated cro
sections. We have calculated polarization fractionP in the
four ~55-, 115-state apparent and direct! cases. We consid
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TABLE III. CCC~115! and CC~55! apparent ICS for the (6s6p)1Po state and the cascade contribution
percentage.

CC~55! CCC~115! CC~55! CCC~115!
Energy ICS ICS Energy ICS ICS
~eV! (10216 cm2) ~%! (10216 cm2) ~%! ~eV! (10216 cm2) ~%! (10216 cm2) ~%!

2.5 2.8 0.0 20. 47.5 15.8 41.4 13.2
3 9.3 0.0 21.44 46.6 15.2 40.5 12.8
4 23.8 15.0 30 41.1 12.9
5 31.5 17.1 36.67 37.3 11.8 34.1 10.
6 37.6 17.6 41.44 35.0 11.2 32.4 9.
7 40.2 19.9 41.8 21.4 50 31.6 10.3
8.35 44.5 23.4 42.1 19.2 60 28.3 9.6
9 45.3 23.4 41.1 17.1 80 23.6 8.6

10 46.1 22.1 43.4 16.7 100 20.23 8.0 19.3 6
11.44 48.0 19.8 43.2 14.8 200 12.2 6.6
13 49.0 19.9 897.6 3.63 4.6
15 50.0 18.9 43.9 15.0
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ered radiation from each magnetic sublevel of the casca
states to the magnetic sublevels of the (6s6p)1Po state, but
found that cascading did not affect the polarization noti
ably. Similarly, both CC~55! and CCC~115! models are es-
sentially the same and are in very good agreement with
periment over the energy range. The CC~2! calculations of
Fabrikant@37# are in fair agreement with experiment. Th
conclusion from this comparison is that taking just a fe
discrete states is sufficient for describing the polarizat
function.

Our results for elastic scattering are presented in Fig
The upper plot gives the ICS and lower plot gives the m
mentum transfer cross section. We find very good agreem
between CCC~115! and CC~55! for both cross sections, a
well as good agreement with the experimental data of Wa
Trajmar, and Zetner@16# and Jensen, Register, and Trajm
@15#. Principal features of the elastic ICS and moment
transfer cross section are similar. The depression in our
sults at around 10 eV is caused by a deep minimum in
L53 partial wave cross section. At incident electron en
gies larger than 30 eV the optical potential model~OPM!
calculations of Kelemen, Remeta, and Sabad@56# are in good

FIG. 2. Polarization of the barium 61Po line. Calculations and
experiment are as for Fig. 1, except that the single curve lab
CCC denotes the result of our four@CCC~115!, CC~55! direct, and
cascade, see text#, barely distinguishable in the present case cal
lations.
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agreement with our results. The two-state results of Fa
kant @37# are in a fair agreement with our results, but diff
somewhat in shape and absolute values.

The results of the present calculations for (6s5d)1De ICS
are presented in Fig. 4. Good agreement is found with
measurements of Jensen, Register, and Trajmar@15#. Gener-
ally, we are confident in the accuracy of the CCC calcu
tions for the spin-preserving transitions, excitation of sing
states in the present case, to an accuracy of610%. Some
uncertainty comes into the CCC calculations from the eff

d

-

FIG. 3. Integrated and momentum transfer cross sections
e-Ba elastic scattering. Calculations are as for Fig. 1, in addition
optical potential model~OPM! calculation is due to Kelemen
Remeta, and Sabad@56#. Measurements are due to Jensen, Regis
and Trajmar@15# and Wang, Trajmar, and Zetner@16#.
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of pseudoresonances and internal numerical stability du
the size of the matrices involved.

We now consider two transitions where the final state
triplet state and relativistic corrections are expected to
important. In Fig. 5 we present our results for (6s6p)3Po

and (6s5d)3De ICS. In the nonrelativistic approximation th
cross sections(2S11LJ) for the excitation of the fine-
structure componentJ is related to the cross section for th
excitation of the total multiplets(2S11L),

s~2S11LJ!5
~2J11!

~2S11!~2L11!
s~2S11L !. ~10!

While this relation should be quite accurate for excitation
(6s6p)3P0,2

o and (6s5d)3D1,3
e sublevels, the singlet-triple

mixing can considerably affect the (6s6p)3P1
o and the

(6s5d)3D2
e cross sections. Using Eqs.~6! and ~8! we can

estimate the effect of the singlet-triplet mixing on th

FIG. 4. Integrated cross sections for thee-Ba 51De excitation.
Calculations are as for Fig. 1. Measurements are due to Jen
Register, and Trajmar@15#.

FIG. 5. Integrated cross sections for thee-Ba 63Po and 53De

excitation. Theoretical calculations are as for Fig. 1.
to

a
e

f(6s6p)3P1
o and (6s5d)3D2

e excitation cross sections. Thes
~fine structure! cross sections are found to be

s fs~
3P1

o!5
1

3
cos2bs~3Po!1sin2bs~1Po!, ~11!

s fs~
3D2

e!5
1

3
cos2bs~3Do!1sin2bs~1De!, ~12!

and are presented in Fig. 6 together with the uncorrec
triplet results. Interesting to note that in both cases con
ered here, the combination of the corresponding singlet
triplet amplitudes results in the cancellation of the interf
ence terms, and leads to a relation involving only cross s
tions in Eqs.~11! and ~12!.

From the figure we see that there is a large increase in
ICS as the incident electron energy decreases, w
(6s5d)3De ICS becoming the largest excitation cross sect
below 4 eV. The cross sections~11! and ~12!, and cross
sections for excitation of the (6s6p)3P1

o and (6s5d)3D2
e

fine-structure sublevels@see Eq.~10!# are presented in Fig. 6
for CC~55! calculations. Clearly, a completely nonrelativist
model for the (6s6p)3P1

o level becomes inadequate as inc
dent electron energy increases a few eV above the excita
threshold. This is due to the fact that there is a large incre
of the ratio of the singletP excitation cross to the tripletP
one, which easily offsets the small singlet-triplet mixing c
efficient. Similarly to the excitation of the (6s6p)1P1

o state,
the behavior of the cross section will be predetermined
the value of the optical oscillator strength for the interco
bination (6s6p)3P1

o-(6s2)1S line which is in good agree-
ment with experiment, see Eq.~6!. Singlet-triplet mixing for

en,

FIG. 6. Integrated cross sections for thee-Ba 63P1
o and 53D2

e

excitations. The curve labeleda is the result of the nonrelativistic
CC~55! calculations, the curve labeledb accounts for singlet-triplet
mixing and breakdown of the nonrelativistic model, see text
details.
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the (6s5d)3D2
e level affects scattering results in a somewh

different manner. The reason for this is the large cross s
tion for the excitation of the triplet5D state relative to the
singlet5D state as compared with singlet and triplet6P ex-
citation cross sections. We find, therefore, that singlet-trip
mixing for the (6s5d)3D2

e level becomes important at inc
dent electron energies above 10 eV.

In Fig. 7 we compare total cross section~TCS! experi-
mental data of Romanyuk, Shpenik, and Zapesochny@19#
with our CCC~115! and CC~55! results. The results of the
CC~2! calculation by Fabrikant@37# and OPM calculation by
Kelemen, Remeta, and Sabad@56# are also presented. W
find very good agreement between our CCC~115! and
CC~55! calculations. The CC~2! calculations of Fabrikan
@37# are in fair agreement with our results. This indicates t
convergence of close-coupling expansion is achieved r
tively fast for the TCS. The OPM results are in poor agre
ment with our results at low energies, though agreement
proves as incident electron energy increases. Unfortuna
agreement with absolute measurements of TCS by
manyuk, Spernik, and Zapesochny@19# is very poor at low
energies. Given the very good agreement of our calculat
with 61Po optical excitation function measurements@14# and
with experimental estimates of the elastic ICS@16#, we be-
lieve that the theoretical results are more reliable.

The CCC~115! calculations provide estimate of the tot
ionization cross section~TICS!. We compare our results with
experiment of Dettmann and Karstenssen@18# for single and
double electron ionization,s i

1 ands i
21 , in Fig. 8. We refer

to Dettmann and Karstenssen@18# for references and com
parison with other theories and experiments. Our CCC
sults do not account for any contribution from double ioniz
tion and should be compared withs i

1 data of Dettmann and
Karstenssen@18#. We find that our results substantially un
derestimate experimentals i

1 data, however, are in quit
good shape agreement with experiment (s i

1 data!. This is
somewhat unexpected because at least at low energie
CCC model should account for all major ionization pr
cesses, including ionization with residual Ba1 ion excita-
tions. We performed more calculations at selected ener
with the inclusion ofG states which resulted in at most
10% increase in the cross sections. The convergence in
TICS, with increasing target-space orbital angular mom
tum, is relatively fast@57#. Thus we believe the presente

FIG. 7. Total cross section for electron scattering from the
ground state. Theoretical calculations as in Fig. 1. Experimen
due to Romanyuk, Spernik, and Zapesochny@19#.
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results are possibly around 10% lower than the true res
calculated using a much larger close-coupling basis. Inter
ing to note that such a correction would bring our results
be in very good agreement with the TICS measurement
Vainshteinet al. @17# in the 7–11.4 eV energy interval. Th
maximum value for the TICS~at 9 eV! read from Fig. 2 of
Vainshteinet al. @17# is 12.1e-16 cm2 while present CCC
result plus 10% is 12.3e-16 cm2.

B. Differential cross sections

In Figs. 9, 10, and 11 we present comparison betw
theoretical calculations and experimental measurements
elastic, (6s6p)1Po and (6s5d)1De DCS at incident electron
energies from 5 to 100 eV. The relative experimental m

a
is

FIG. 8. Total ionization cross section for electron scattering
the Ba ground state. Theoretical calculations are as for Fig. 1.
periment is due to Dettmann and Karstenssen@18#.

FIG. 9. The elastic, 61Po, and 51De excitation differential
cross section for electron scattering on the Ba ground state at 5
and 15 eV incident electron energy. The CCC~115! and CC~55!
calculations are described in the text. The UDWA calculations
due to Clarket al. @39#. The measurements are due to Wang, Tr
mar, and Zetner@16#.
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surements of Wang, Trajmar, and Zetner@16# and Jensen
Register, and Trajmar@15# have been normalized using Che
and Gallagher@14# (6s6p)1Po apparent cross section as d
scribed above. Our elastic DCS is in excellent agreem
with measurements of Wang, Trajmar, and Zetner@16# at 15
and 20 eV, and above 20 eV with data of Jensen, Regis
and Trajmar@15#. Both CCC and CC~55! models give very
much the same shape of the elastic DCS, indicating that c
pling to the ionization channels do not affect elastic scat
ing significantly. The polarized-orbital calculations
Szmytkowski and Sienkiewicz@35# ~not presented in Fig. 9!
are in poor agreement with our calculations and experim
up to 80 eV, with relatively good agreement at 80 and 1
eV. At 100 eV, we have found very close agreement w
calculation of elastic DCS by Gregory and Fink@34#. Note,
that the CCC theory includes polarization effects and
calculations of Gregory and Fink do not. As a conseque
there is more than 300% increase of the CCC elastic D
over the results of Gregory and Fink at forward angles.

For (6s6p)1Po DCS we observe that inclusion of th
coupling to the target continuum in our CCC model reduc
the CC~55! DCS uniformly while preserving the good shap
agreement with both sets of experimental data. At 20 eV
the angular region of 90°–130°, where there is discrepa
between the two sets of (6s6p)1Po DCS measurements, ou
results support the data of Wang, Trajmar, and Zetner@16#.
For (6s5d)1De DCS we find, similarly to the previous cas
that CCC~115! is below CC~55! and generally is in good
agreement with experiment of Jensen, Register, and Tra
@15#. At 20, 30, and 40 eV experimental data are somew

FIG. 10. The elastic, 61Po, and 51De excitation differential
cross section for electron scattering on the Ba ground state a
30, and 40 eV incident electron energy. CCC~115! and CC~55!
calculations are described in the text. The UDWA calculations
due to Clarket al. @39#, RDWA calculations are due to Srivastav
et al. @40,41#, and CC~2! calculations are due to Fabrikant@37#.
Measurements are due to Wang, Trajmar, and Zetner@16# and
Jensen, Register, and Trajmar@15#.
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below our calculations in the angular region 90°–130°, as
the 20 eV (6s6p)1Po case.

The CC~2! calculations of Fabrikant@37# at 20 and 30 eV
for elastic and (6s6p)1Po DCS are in good agreement wit
experiment and our calculations at small scattering ang
but not at intermediate and large scattering angles.
UDWA @39,58# and RDWA@40,41# methods have been use
to calculate (6s6p)1Po and (6s5d)1De DCS. Below 60 eV
~see Fig. 10! both methods substantially overestimate the
citation cross sections. Being based on the distorted-w
approximation, they are outside their energy range of va
ity. However, at 60 eV and above~see Fig. 11!, we find good
agreement with UDWA and RDWA results both in sha
and absolute values of the DCS.

Elastic and (6s6p)1Po DCS are highly peaked in the for
ward direction and their absolute normalization requires
curate measurement and extrapolation to very small ang
Disagreement between theoretical and measured or extr
lated experimental DCS at forward scattering angles, wh
have been noted before@39#, brings additional uncertainty to
the normalization of the experimental DCS. Renormalizat
of the experimental DCS, due to the difference in the e
mate of the cascade contributions to the (6s6p)1Po apparent
cross section in the present work and in earlier experime
works together with reevaluation of the small angle behav
of the elastic and (6s6p)1Po cross sections, would lead to
more accurate determination of the experimental normal
tion.

For the (6s6p)1Po excitation the difficulties at smal
angles are highlighted by the transformation from the DCS

0,

e

FIG. 11. The elastic, 61Po, and 51De excitation differential
cross section for electron scattering on the Ba ground state a
80, and 100 eV incident electron energy. Theoretical calculati
are as in Fig. 10. In addition, the elastic DCS of Gregory and F
@34# is also presented. Measurements are due to Jensen, Reg
and Trajmar@15#.
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the generalized oscillator strength~GOS!. In Fig.12 we com-
pare our results with experimental data obtained from
(6s6p)1Po DCS of Wang, Trajmar, and Zetner@16# and
Jensen, Register, and Trajmar@15#. The curve labeled
‘‘Born’’ in Fig. 12 indicates the high-energy limit, and a
q→0 converges to the~present theoretical! optical oscillator
strength limit f51.69 a.u. The close-coupling resul
CCC~115! and CC~55! are substantially below the Born lim
at incident electron energies below 100 eV, which indica
that at these incident electron energies the first-order B
approximation is not yet valid. Note that a straightforwa
extrapolation of the theoretical or experimental GOS to z
q limit ~optical f value! would result in an inaccurate value o
the optical oscillator strength. At most of the presented
ergies in Fig. 12, experimental data are in good agreem
with our results above approximately 5°, while at smal
angles they seems to experience some difficulties. This
crepancy at small scattering angles is of importance for c
rect absolute normalization of the relative DCS measu
ments using extrapolation of experimental GOS to opticf
value or using method of integration over experimental D
with normalization to the direct (6s6p)1Po excitation cross
section.

The matter of absolute normalization of the relative DC
measurements for barium (6s6p)1Po excitation to the opti-
cal f value has been discussed recently by Felfli and Msez
@59#. They have used the forward scattering functionf(q2)
which describes the locus of theu50° GOS points at vari-
ous incident electron energies. This function is presente
Fig. 12 and theu50° point is marked by the upper triang
on thef(q2) curve at each incident electron energy. Th

FIG. 12. Generalized oscillator strength for 61Po excitation.
Theoretical calculations and experiments as in Fig. 10, in addi
the curve labeledf(q 2) is the forward scattering function of Felfl
and Msezane@59#, with theu50° point at each energy marked b
a triangle.
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idea is that experiment at each energy should be normal
to thef(q2) function at the zero scattering angle~marked by
triangle!. Comparing results of our CC~55! and CCC~115!
calculations atu50° with corresponding values of the for
ward scattering functionf(q2) we find agreement only a
relatively large incident electron energies, at and above
eV. At smaller incident electron energies we find large d
crepancies, the good agreement at 5 eV being purely coi
dental. In particular, our results do not support the renorm
ization of the experimental data of Wang, Trajmar, a
Zetner @16# at 10, 15, and 20 eV by factors of up to 2, a
suggested by Felfli and Msezane@59#.

No experimental data are available for the excitations
the Ba triplet states. Calculations in the RDWA metho
have been reported for the 63P1 state@40# and 53D1,2,3 states
@41#. In the previous subsection we demonstrated the ef
of the singlet-triplet mixing on the 63P1 and 53D2 ICS. As
an example, we now examine its affect on the 63P1 DCS at
the incident electron energy of 60 eV. In the nonrelativis
approximation the relation of the DCS for excitation of
fine-structure sublevelJ to the multiplet average DCS i
given by Eq.~10!. This CC~55! 63P1 DCS and the RDWA
calculation are presented in Fig. 13. The major difference
the forward angle behavior of the DCS. Nonrelativistic c
culations predict the drop in the forward DCS, while relati
istic calculations predict a sharp rise. The reason for thi
the possibility of direct excitation of the 63P1 level due to
the presence of a singlet 6P component. We can account fo
the singlet-triplet mixing the same way as for the 63P1 ICS.
We use Eq.~11! for this purpose, and also present this res
in Fig. 13. We obtain a fair agreement with the RDWA r
sults. Note that at this energy both our and RDWA cro
sections are dominated by the contribution from the sing
component, particularly for forward scattering. The diffe
ence between our and RDWA results in the forward direct
is therefore caused by both the difference in the sing
triplet mixing coefficients and the difference in the sing
6P DCS. Taking into account that singlet 6P DCS in
RDWA method is substantially larger than in our calcu
tions, the singlet-triplet mixing coefficient in the RDWA
model must be significantly smaller than the one we ha
used. We believe that our results should be more reliable

n

FIG. 13. The effect of singlet-triplet mixing on the 63P1
o exci-

tation differential cross section for electron scattering on the
ground state at 60 eV. Theoretical calculations:~a! CC~55! results
with account of singlet-triplet mixing~see text for detail!, ~b! non-
relativistic CC~55! DCS for the 63P1

o level, the RDWA calculation
is due to Srivastavaet al. @40#.
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to the close agreement with the experimental values for
optical oscillator strength of the intercombinatio
(6s6p)3P1

o-(6s2)1S line.

C. Electron-photon angular correlations
for the „6s6p…1Po state

We now present results of our calculations for t
(6s6p)1Po EICPs. The subject of electron-photon angu
correlations have been reviewed extensively by Anders
Gallagher, and Hertel@24#. We refer the reader to this refe
ence for the details of the definitions of the presently u
EICPs L' , Pl , and g, and to Ref.@6# for the details of
calculation of the EICPs from the CCC scattering amp
tudes.

Barium is a relatively heavy target and relativistic effec
can affect the EICPs. These effects would be clearly see
deviation of the degree of the total polarizationP from unity.
However, it was found both experimentally@28# and theo-
retically @39,40# that relativistic effects for the excitation o
the (6s6p)1Po state are negligible andP is very close to
unity. This indicates that nonrelativisticLS coupling scheme
is adequate for the description of the (6s6p)1Po EICPs. In
this case the collision process is fully coherent, andP
5AL'

2 1Pl
2 51.

Another feature of the fully coherent (6s6p)1Po excita-
tion is the possibility, exploited by Liet al. @60#, to deter-
mine parameter l5DCS(m50)/DCS, where DCS
5DCS(m50)12 DCS(m51), directly from the superelas
tic scattering experiment. The parameterl may also be ex-
pressed via the EICPsl5(Pl cos2g11)/2. It allows the de-
termination of the magnetic sublevel DCS(m) if the DCS is
also known. Magnetic sublevel DCS(m) are important for
plasma diagnostic applications@61#.

In Fig. 14 we compare our CCC~115! and CC~55! results
for parameterl with measurements of Liet al. @60# and the
results of RDWA @40# and UDWA @39# calculations. We
generally find close agreement between the CC~55! and
CCC~115! calculations, indicating that coupling to the ion
ization continuum does not affectl significantly. Similarly,
we find agreement with the general angular behavior of
RDWA and UDWA results. Our results are in best agre
ment with experiment at 36.67 eV. At larger energies, 50 a
80 eV, our results are below experiment at scattering an
above 20°, where there are also large differences betw
the RDWA and UDWA results. Note that generally bo
RDWA and UDWA theories are in much better agreem
with experiment for parameterl than one would expec
given their poor agreement with the corresponding DCS.

We now turn to Figs. 15 and 16, where theoretical a
experimental EICPsL' and g for the (6s6p)1Po level are
presented. Experimental data have been obtained using
superelastic scattering technique by Zetner, Li, and Traj
@26,27# (Pl , g) and Li and Zetner@28# (L'). We used the
relation betweenL' andPl to present Zetner, Li, and Traj
mar data@26,27# for Pl on the L' plot. Comparing with
earlier theoretical results we observe that at 20 eV RW
and UDWA are inadequate for the description ofL' . The
results of the CC~2! calculation by Fabrikant@38# are in very
close agreement with our results below 25° but are in p
agreement with both experiment and the present result
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larger scattering angles. The present calculations are in
stantially better agreement with experiment forL' ~and
hencePl ) than the earlier calculations. In fact, for scatteri
angles above 30° the agreement is nearly perfect. Howe
for angles below 30° there is some discrepancy between
ferent sets of measurements, with the close-coupling ca
lations favoring the data of Zetner, Li, and Trajmar@26#. The
discrepancy between experiments@27,28# and present calcu
lations forL' at small scattering angles can be due to infl
ence of a finite scattering volume on the experimental dat
discussed by Zetner, Trajmar, and Csanak@62#. However,
this effect probably will not be sufficient to account for di
ference at 10°–30° interval.

Above 20 eV there is perfect agreement between all t
oretical results and experiments at forward direction.
larger scattering angles we find very good agreement
tween all theories and experiment at 36.67 eV up to
largest experimental point at 92°, but at 50 eV some discr
ancy develops between experiment and theoretical calc
tions around 60°, where the CCC results are in better sh
agreement with experiment than the RDWA and UDWA r
sults.

Given the differences between theoretical calculations
experiment forL' , it is quite remarkable to find that for th
parameterg there is very close agreement between RDW
UDWA, CCC, and experimental data. The calculation
Fabrikant ~at 20 eV! also yields good agreement withg,
though in the case ofL' agreement with experiment is onl
at small scattering angles. A number of experimental po
reported in Ref.@27# have values ofg outside the~290°,
90°) interval. In this case we present both the original va
and the value transformed to the~290°,90°) interval. For
example,g5299° is transformed tog581°.

FIG. 14. Parameterl for electron scattering on the Ba groun
state at 36.67, 50, and 80 eV. Theoretical calculations are as for
10. Experiment is due to Liet al. @60#.
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In Fig. 15 we present EICPsL' andg at low energies, of
5, 10, and 15 eV, where no measurements have been
ported yet. We would like to attract attention to the radic
change in the parameterL' as the energy decreases from
to 5 eV. Experimental investigation at this energy range m
be of interest.

IV. CONCLUSIONS

We have extended the CCC method to the heaviest ta
yet, namely, the barium atom. The results of CCC~115! and
CC~55! calculations have been compared with available
perimental and theoretical data for electron scattering fr
the Ba ground state over a wide range of incident elect
energies. Significant improvement has been found over
lier calculations, and in the case of integrated and differen
cross section for elastic scattering and (6s6p)1Po and
(6s5d)1De excitations we have obtained essentially quan
tative agreement with experimental data. We have also fo
that the present calculations are in good agreement with
periment for the (6s6p)1Po EICPs, though some discrepa
cies are observed. Interestingly, the quality of agreement
sented here fore-Ba scattering is the same as in the mu
simpler case ofe-He scattering@10#. This suggests that, a
least for the largest singlet-singlet cross sections, the non
ativistic CCC theory is adequate for providing accurate

FIG. 15. EICPsL' and g for electron scattering on the B
ground state at 5, 10, 15, and 20 eV. Theoretical calculations a
for Fig. 10. Measurements are due to Zetner, Li, and Trajm
@26,27# and Li and Zetner@28#.
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sults even for targets as heavy as barium.
We have also found that the nonrelativistic approximat

fails for excitation of the (6s6p)3P1
o and (6s5d)3D2

e states,
even though the spin-orbit interaction results in a relativ
small singlet-triplet mixing coefficient. The way to remed
our results has been suggested. Experimental investigatio
the triplet state excitations in Ba would be highly desirable
test the presented theoretical results.

Our result for the total ionization cross section~TICS! is
systematically below the experimental data of Dettmann
Karstenssen@18#, but in better agreement with data of Vain
shteinet al. @17#.

Even with the present nonrelativistic limitations, the CC
method has provided the most accurate to datee-Ba scatter-
ing results. The primary reason for this is its superior tre
ment of the electron scattering part of the calculations. H
ing established the validity and limitations of the CC
approach for electron scattering from the Ba ground state
may confidently apply the theory to scattering from the e
cited states. We will also apply the CCC method to calcu
tion of electron scattering from lighter alkaline earth atom
~Mg, Ca, Sr!, where we expect the relativistic effects to b
less important.
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FIG. 16. EICPsL' andg for electron scattering on Ba groun
state at 36.67, 50, and 80 eV. Theoretical calculations are as for
10. Measurements are due to Zetner, Li, and Trajmar@27#, and Li
and Zetner@28#.
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