
PHYSICAL REVIEW A VOLUME 40, NUMBER 6 SEPTEMBER 15, 1989

Electron-impact cross sections and coherence parameters
for the 6s 'S —6s6p 'P transition in neutral barium

R. E. H. Clark, J. Abdallah, Jr. , G. Csanak, and S. P. Kramer
Los A lamos National Laboratory, Los A lamos, New Mexico 87545

(Received 31 March 1989)

Integral and difterential cross sections and electron-impact coherence parameters have been cal-
culated for the 6s' 'S —6s6p 'P transition in neutral barium using both the distorted-wave approxi-
mation and first-order many-body theory. Target-state wave functions have been calculated using
Hartree-Fock orbitals along with configuration-interaction and intermediate-coupling mixing. Re-
sults are presented for electron-impact energies of 5, 10, 15, 20, 30, 40, 60, 80, and 100 eV. The
cross sections are compared to available experimental and theoretical results.

I. INTRODUCTION

The electron-impact excitation of barium is of consid-
erable scientific interest. The main reason for this is that
barium is one of the few atoms that can be efFiciently
pumped by currently available laser systems and thus
photoabsorption, photoionization, and electron collision
experiments can be performed on laser-excited barium
atoms. ' The study of electron-impact excitation and
deexcitation from excited atomic systems is in turn of
both scientific and practical interests since such processes
are important in naturally occurring and laboratory-
produced plasmas. ' ' The physics of such processes is
barely understood due to the very few experimental and
theoretical studies that have been done in this area. In
the case of barium, however, some experimental results
have already been reported for electron-impact excitation
and deexcitation cross sections from several excited states
at a few energies and angles as well as for electron-
impact ionization of two excited states of barium. In the
case of the excitation-deexcitation study from the
6s6p 'P, state the normalization of the intensity data
was accomplished by utilizing the principle of detailed
balance for the 6s6p 'P, ~6s 'So transition along with
inelastic excitation cross-section data for the
6s 'So ~6s 6p 'P

&
transition obtained earlier. ' The nor-

malization of the 6s 'S0~6s6p 'P~ inelastic scattering
cross sections in turn was based on the optical excitation
function measurements of Chen and Gallagher, ' that su-
perseded the first measurement by Aleksakhin et al. ' of
the optical excitation function of the Ba resonance line,
and resulted in an estimated error of +50%%uo. This latter
normalization procedure was based, however, on two
rather uncertain assumptions: (i) the apparent cross sec-
tions obtained in the optical excitation function measure-
ment' were decreased arbitrarily by 30%%uo to account for
cascade and (ii) the measured differential cross sections
were interpolated to intermediate angles and extrapolated
to zero scattering angle. As the authors point out' the
extrapolation procedure, especially for angles below 5,
may not be accurate.

In view of the great importance of the
6s 'So~6s6p 'P, transition for normalization purposes

and the rather large uncertainty for normalizing the ex-
perimental differential cross section for this transition we
might assume that theoretical calculations may be helpful
for normalizing the experimental data. The only theoret-
ical calculations reported so far for Ba excitation are
those of Fabrikant, ' ' and Damburg and Fabrikant, '

which used the close-coupling scheme. Two of these cal-
culations' ' were performed for energies close to the
threshold and only the third' reported differential cross
sections for the 6s 'SO~6s6p 'P, excitation at 20 and 30
eV incident electron energies that could be compared
with the available experimental results. ' This latter
work' used a two-state I 6 'So, 6 'P, ) close-coupling
scheme along with semiempirical wave functions and ig-
noring electron exchange between the incident electron
and the core electrons of the target. Fabrikant' also
showed that for the calculation of the 6'P& excitation
cross section, the coupling to the 'D state is negligible for
E&8 eV incident electron energies. Thus it appeared
worthwhile to put the calculation of electron-impact
scattering cross sections for a barium target on a sound
theoretical foundation and one of the purposes of the
present work is to report distorted-wave approximation
(DWA) results using the approach of Mann, and first-
order many-body theory (FOMBT) results for the
6 So~6 P

&
excitation process.

Our procedure uses ab initio wave functions, and elec-
tron exchange is fully taken into account. In the past, the
DWA and FOMBT have been used successfully for the
calculation of n 'P electron-impact cross sections for He
(Refs. 21—26) and Mg targets for intermediate energy
incident electrons. The FOMBT results for 3 'P excita-
tion of Mg agree well with the experimental results ' at
20 and 40 eV incident energies for 0(30' scattering an-
gles.

An additional significance of theoretical calculations
for the electron-impact excitation of the 6s6p P& state of
barium is that the 6s 6p 'P, state can be pumped
efficiently by polarization selected laser beams. This
opens up the possibility of measuring the electron-impact
coherence parameters for the 6s 'So ~6s 6p 'P,
electron-impact excitation process, ' a technique intro-
duced by Hertel and Stoll ' and applied successfully to
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TABLE I. Calculated f values and transition energies.

Configurations included
in ground state

6s -'

s, 6p
s2, 6p~, 5d
6s 7s, 6p 7p

Configurations included
in excited state

6s 6p
6s6p, 5d6p

6s6p, 5d6p, 6s7p,

3.36
1.63
2.03

AE teVj

2.385
2.046
2. 112

various transitions in sodium. " Unfortunately, when
this technique was tried for Ba, an undesired and inexpl-
icable asymmetry effect prevented the experimentalists
from extracting quantitative information from the experi-
mental results. However, recent modeling studies along
with new observations and the theoretically obtained
electron-impact coherence parameters (EICP's) from the
same studies reported here appear to have clarified
the situation and opened the way for meaningful ex-
periments. Thus we report here EICP's for the
6s 'So ~6s 6p 'P, excitation of Ba. One of the
significant results of the present calculations was that
while all EICP's relevant for spin-orbit coupled target
states were calculated, namely, the A, ,g, cosa, cosA of
da Paixao et al. ,

' it was found that at the energies con-
sidered cosa and cosA are equal to 1 within our numerical
accuracy and thus a completely LS-coupled situation ob-
tains, ' ' similar to the He 1 'S~n 'P excitation process
and thus we shall report here only the k and g parame-
ters as defined by Eminyan et al. at selected energies.

II. METHOD OF CALCULATION

TABLE II. Integral cross sections in units of ~ao.

E (eV)

5.0
10.0
15.0
20.0
30.0
40.0
60.0
80.0

100.0

g (DWA)

45.2
60.3
58.0
57.1

48.0
41.3
32.6
27.1

23 ~ 3

g (FOMBT)

51.2
61.4
58.8
56.7
48.3
41.7
32.8
27.3
23.5

The present calculations were performed using a set of
codes developed at the Los Alamos National Laboratory
as part of a Theoretical Atomic Physics code devel-
opment effort. These codes have recently been used to
calculate optical and electron-impact collision strength
data for all ion stages of nitrogen. We shall briefly
summarize here the operation and function of these codes
that we used in the present study.

Atomic structure calculations are performed with the
CATS code, a modified version of Cowan's atomic struc-
ture codes. ' The atomic structure calculation is ini-
tiated with a single-configuration Hartree-Fock calcula-
tion (Cowan's HFR) for the radial wave functions of each

configuration. It is essentially a nonrelativistic calcula-
tion except that the mass and Darwin terms are included
in the radial wave function calculation. The radial wave
functions minimize the configuration-average energy, not
the LS-term energy. Mixing among all configurations
and LS terms with the same total angular momentum, J,
and parity is then obtained through perturbation theory.
Results from the structure calculation are stored on a
random access computer file. Data stored on the file in-
clude a list of configurations with the configuration-
average energies and radial wave functions, mixing
coe%cients, fine-structure energy levels and oscillator
strengths. If requested, plane-wave Born (PWB) collision
strengths and photoionization cross sections may also be
calculated and stored.

Data stored on the computer file can be viewed with
the TAPS code. Various data can be summed or aver-
aged to form term-to-term or configuration-to-
configuration quantities. Data can be listed at the termi-
nal, plotted as a graph when appropriate or sent to a
print file. The radial wave functions can be used to calcu-
late and display the electron charge density and potential
as functions of the radial distance. The LINES code can
be used to display data and to calculate populations in
the local thermodynamic equilibrium (LTE) condition at
a given temperature and density and calculate and
display a synthetic spectrum.

The electron collision calculations are performed using
the ACE code. This code reads in data from the atomic
structure file and calculates electron-impact collision
strengths using a variety of options. The collision
strengths can be converted to cross sections using the
TAPS code. The ACE code uses the distorted-wave ap-
proximation of Mann, or first-order many-body
theory. ' The only difference between the DWA and
FOMBT calculations is that in the former case (DWA),
we calculate the continuum wave function in the poten-
tial of the initial and final configurations for the incident
and scattered electron, respectively, whereas in the latter
case (FOMBT), the same potential (that of the initial
configuration) is used for both continuum electrons. The
procedure used in the DWA is considered physically
more appealing (the scattered electron moves in the field
of the final configuration), whereas the FOMBT has the
advantage that since the initial and final continuum wave
functions are obtained from the same potential (at
different energies) they are orthogonal. The bound-state
radial wave functions are normally the HFR wave func-
tions of Cowan ' but can be calculated purely hydrogeni-
cally via in-line subroutines for comparison purposes.
The continuum wave functions are normally calculated
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FIG. 1. Comparison of integral cross sections:

(Ref. 15).
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using the DWA of Mann. The continuum wave func-
tion can also be calculated using FOMBT (Refs. 52 and
53) or it can be a Coulomb function, in the case of an ion,
using in-line subroutines. The reactance matrix elements
are first calculated between LS terms as in Mann's ap-
proach. Unitarization of the reactance matrix is normal-

ly carried out; however, unitarization can be ignored for
comparison purpose (see Sec. III for integral cross-
section comparisons in barium). Recoupling is then done
using the pair coupling scheme of Saraph:

J, +s=K, K+I =JT,
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FIG. 2. Comparison of integral cross sections with and without unitarization:

tarized; ———,FOMBT unitarized; —- ——,FOMBT not unitarized.
, DWA unitarized; ———,DWA not uni-
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TABLE III. Number of partial waves used at each energy.

E (eV)

5.0
10.0
15.0
20.0
30.0
40.0
60.0
80.0

100.0

100
100
100
100
250
250
250
300
300

where J, is the angular momentum vector of the atom, s
is the spin angular momentum vector of the free electron,
I is the orbital angular momentum vector of the free elec-
tron, and JT is the total angular momentum vector of the
system. This coupling scheme effectively replaces each
9-j symbol of Mann's recoupling scheme with two 6-j
symbols. Inclusion of configuration-interaction and
intermediate-coupling mixing is obtained as by Clark.
It should be emphasized that the continuum wave func-
tions are calculated with no mixing, i.e. , with each
configuration there is an associated continuum wave
function. The mixing is carried out later in the reactance
matrix elements.

If desired, the user can request differential cross sec-
tions (DCS's) from the ACE code. The ACE code then
uses the reactance matrix along with continuum wave
function phases to calculate the (complex) scattering am-
plitudes using the recoupling scheme of Inal and Du-
bau. The scattering amplitude is stored on a data file
and can be used to calculate DCS's and electron-impact
coherence parameters via the TAPS code. We note that
the phase used in the calculation of the scattering ampli-
tude uses the mixing coefficients and the phases of the un-
mixed continuum wave functions:

N oonhg

a, 6, ,
i =1

(2)

III. NUMERICAL RESULTS

The CATS code was used to calculate energy levels
and oscillator strengths for the 6s 'So—6s6p 'P, transi-
tion using varying set of configurations. Results are
shown in Table I. Parkinson, Reeves, and Tomkins re-
port f = l. 59+0.15 which is identical to the value report-
ed by Miles and Wiese. The observed transition energy
is 2.239 eV. One sees from Table I that all the calcula-

where 6, is the phase and a, is the mixing coefficient. In
barium, the phases calculated from the different
configurations are not very different so that the scattering
amplitudes calculated using Eq. (2) do not differ notice-
ably from those calculated with phases purely from the
dominant configurations involved in the transition (the
6s and 6s6p configurations). For example, the phases
arising from the 6s6p configuration are within 0.1 rad of
those arising from the 5d6p configuration.

tions give the transition energy correct to within 0.2 eV.
However, the oscillator strength calculated with only a
single configuration for the ground and excited states is
in error by a factor of 2. Including the 6p and 5d6p
configurations greatly improves the oscillator strength,
while using five configurations each for the ground and
excited states makes little change ( -25% in the f value)
and, in fact, gives slightly poorer agreement with the ob-
served value. We have therefore used the 6s, 6p, 6s 6p,
and 5d 6p configurations in the structure calculations
used in the excitation cross sections reported here.

We now consider integral cross-section calculations.
The ACE code normally adds and subtracts the PWB col-
lision strength so that the total collision strength is given
by (for DWA; similarly for FOMBT):

IIPwB+ y (gDw ~PwB)
t=o

(3)

where the subscript l denotes the partial wave contribu-
tion. The collision strength and cross section are relat d
by

2~ao

co, [E(Ry)]
(4j

where Q is the cross section, co, is the statistical weight of
the initial state, F(Ry) is the impact electron energy in

rydbergs, and 6 is the collision strength. The ACE code
actually calculates collision strengths; the TAPS code will

display either collision strengths or cross sections using
Eq. (4) as requested. In practice, II~ ~Sl& for finite 1

so that the sum in Eq. (3) can be terminated at a finite
value, l „, Thus, only a limited number of partial waves
need be calculated.

Using l,, =20 usually gives results converged to less
than 5&o at all energies and normally less than 2%%u~. We
note that the transformation analogous to Eq. (3) has not
yet been implemented in the differential cross section
(DCS) calculations. Thus large numbers of partial waves
must be used for the DCS calculation. The integral cross
sections from those calculations can be compared to
those calculated via Eqs. (3) and (4) to check for conver-
gence.

In Table II we present our integral cross section results
for nine energies between 5 and 100 eV. Calculations
were performed using both the DWA and FOMBT ap-
proaches and using the unitarization procedure. The re-
sults are shown graphically in Fig. 1 where they are com-
pared with experimental values of Chen and Cxallagher. '

Also shown are theoretical results from a close-coupling
calculation by Fabrikant. '

The DWA and FOMBT results shown in Table II and
Fig. 1 were calculated using the unitarized reactance ma-
trix. To show the effect of unitarization, we repeated the
calculations without the unitarization procedure. The re-
sults are shown graphically in Fig. 2. The unitarization
of the reactance matrix lowers the integral cross section
by nearly a factor of 2 at energies around 10 eV. The
effect diminishes at higher energies, to around a 5&o effect
at 100 eV.
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FIG. 3. Comparison of diA'erential cross sections using DWA
(solid line) and FOMBT (dotted line) at 5, 20, and 80 eV.

As mentioned above, the convergence technique of Eq.
(3) has not been implemented in the differential cross-
section calculation. Thus we have computed the DCS
values using enough partial waves to give —

l%%uo conver-
gence of the integral cross section at each energy. Table
III shows the maximum partial wave used at each energy.
In Tables IV and V we present DCS calculation results
using the DWA and FOMBT approaches, respectively, at
representative angles for nine energies between 5 and 100
eV. Figure 3 shows comparison plots of the DCS calcula-
tions using DWA (solid line) and FOMBT (dotted line) at
5, 20, and 80 eV. The DWA and FOMBT show max-
imum difference at low energies and angles greater than
20'. At 80 eV, the two calculations are nearly identical.

In Figs. 4—9, we compare our DWA results with the
experimental results of Jensen et al. ' and the close-
coupling results of Fabrikant'" (available at 20 and 30 eV
only) for impact electron energies of 20, 30, 40, 60, 80,

FIG. 5. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14)
(squares), and close-coupling results of Fabrikant (Ref. 18) (tri-
angles) at electron-impact energy of 30 eV.

and 100 eV. In all cases the solid line represents our
DWA results, the squares represent those of Jensen
et ai. ,

' and the triangles represent those of Fabrikant. '

At 20 and 30 eV our DWA results are in good agreement
with Fabrikant's calculations; both sets of theoretical cal-
culations are significantly above the experimental values
for angles greater than 40'. At higher energies, the DWA
results agree quite well with the experimental values.

In the calculation of the EICP's we again point out
that the cosa and cosA parameters ' ' are equal to 1

within numerical accuracy implying a nearly completely
LS-coupled situation. It is instructive to view this also in
terms of the mixing coefficients of the excited target state.
The excited state is a mixture of the two configurations
6s6p and 5d6p. The 6s6p 'Pi level is made up of the fol-
lowing mixture:
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FIG. 4. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14)
(squares), and close-coupling results of Fabrikant (Ref. 18) (tri-
angles) at electron-impact energy of 20 eV.
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FIG. 6. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14)
(squares) at 40 eV.
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FIG. 7. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14)
(squares) at 60 eV.

FIG. 9. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14}
(squares) at 100 eV.

with smaller amounts of other levels where the ll, 's

(i =6s6p 'P, , Sd6p 'P, , 6s6p P, ) on the right-hand side
refer to pure LS-coupled states. One sees that this state
is indeed dominantly an LS-coupled 'P, state.

Tables VI and VII give values of the k and g parame-
ters calculated in the DWA approach. Tables VIII and
IX give the same parameters calculated using FOMBT.
The Fano-Macek orientation parameter 0& is shown
graphically in Figs. 10—12 for impact electron energies of
5, 20, and 80 eV. In all three graphs the solid line
represents DWA results and the dotted line represents
FOMBT results. We have learned that Fabrikant pub-
lished EICP results for the Ba 6 'S—6 'P transition from a
two-state close-coupling calculation for impact electron
energy of 20 eV. These results are not, however, avail-
able to us at this time. Recently, results calculated with
the present DWA approach at slightly different energies

10
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40

Cl
10

10

200 400 600 800 1000 1200 1400 1600 1800
Angle (deg)

FIG. 8. Comparison of DCS's calculated with DWA (solid
line) with experimental results of Jensen et al. (Ref. 14}
(squares) at 80 eV.

have been used to analyze some anomalies in experimen-
tal results on barium.

IV. DISCUSSION OF RESULTS AND CONCLUSIONS

Our results for the integral and differential cross sec-
tions and for the EICP's in the case of 6s 'So ~6s6p 'P,
excitation of barium give a comprehensive picture about
the predictions of the DWA and FOMBT for this transi-
tion. As can be seen from Fig. 2, the unitarization of the
scattering matrix is important for this case especially for
E(40 eV incident electron energies. This in turn indi-
cates that the elements of the p matrix are not small '

and thus the weak coupling approximation in its original
form is not applicable. The strong coupling between
these two states (with an optical f value of —1.59) how-
ever, justifies the negligence of couplings to other chan-
nels except for energies close to the threshold. ' In the
case of electron-impact excitation of the 3 'P, state of
magnesium, a transition similar to the one considered
here (with an optical f value of —1.8), it was found in
general that a five-state close-coupling calculation
gave somewhat smaller values for the DCS, especially for
scattering angles 0) 60', than results from a nonunitar-
ized FOMBT calculation. Our Fig. 3 shows that even
our unitarized DWA results for the integral cross sec-
tions are higher than the apparent excitation cross-
section data of Chen and Gallagher. ' It is interesting to
compare our unitarized DWA and FOMBT results with
the two-state (6 'S, 6 'P) close-coupling theory results of
Fabrikant' which is done in our Fig. 1. As this figure
shows, this close-coupling calculation gives somewhat
smaller results for the integral cross section than our
DWA and FOMBT calculations do for E ~20 eV in-
cident electron energies but a substantial discrepancy
with the experiment still remains for E(30 eV energies.
This discrepancy is further increased if the experimental
values are decreased by 30% to account for cascade, as
was done by Jensen et al. and can be seen from Fig. 1. If
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FIG. 10. Orientation parameter Ol calculated with DWA
(solid line) and FOMBT (dotted line) for electron-impact energy
of 5 eV.
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FIG. 12. Orientation parameter 0, calculated with DWA
(solid line) and FOMBT (dotted line) for electron-impact energy
of 80 eV.
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FIG. 11. Orientation parameter Ol calculated with DWA
(solid line) and FOMBT (dotted line) for electron-impact energy
of 20 eV.

our DWA calculation can be trusted at 100 eV incident
electron energy it seems to indicate that the 5% cascade
contribution estimated by Chen and Gallagher' is more
realistic than the 30% subtraction applied by Jensen
et al. ' We note here, however, that the two-state close-
coupling results of Fabrikant' indicate a steeper decline
of the integral cross section than in our case. It appears
to be worthwhile to perform a close-coupling calculation
for this transition for 40 eV ~ E ~ 100 eV electron-impact
energies in order to see to what extent the unitarization
procedure accounts for the close coupling between the
6s 'S~ and 6s6p 'P, states.

The comparison of our DWA results for the DCS with
the experimental results of Jensen et al. ' and with the
theoretical results of Fabrikant' indicates a continuous
improvement toward higher energies. Our DWA results
for the DCS agree well with those of Fabrikant at 30 eV
incident electron energy while the agreement is good for
20 eV energy only in the 0 ~ 0~ 70' angular range. Our
results show a good agreement with the experiment (espe-

cially with respect to the shape of the DCS) in an increas-

ing angular range. This angular range is, for 20 eV im-

pact energy, 0 & 0 & 30; for 30 eV impact energy,
0'~0 40'; for 40 eV impact energy, 0' 0&40', for 60
eV impact energy, 0'~ 0~ 140, for 80 eV impact energy,
0' 0 130', and for 100 eV impact energy, 0' 0 140'.

At 100 eV impact energy, there is an excellent quanti-
tative agreement between theory and experiment practi-
cally over the whole angular range except our 0' value is

different from the experimental extrapolated 0' cross sec-
tion. This seems to indicate that the discrepancy between
theory and experiment at 100 eV is not so significant as
indicated by the integral cross-section result and the nor-
malization of the experimental data due to some curious
coincidence for 100 eV impact energy seems to be
correct. Namely, if the experimental data would be re-
normalized at this energy to the present DWA results at
0=5' or 10 scattering angles, a procedure which seems
justified, there would not be any significant change in the
reported experimental DCS data.

From Figs. 1—3 and 10—12 it also can be seen that there
is no significant difference between the unitarized DWA
and FOMBT results for the integral and differential cross
sections and EICP's. This shows a certain stability of
DWA schemes for such heavy atoms as barium; evidently
the excitation of one or two electrons does not change
significantly the distortion potential, as opposed to a
small system like helium.

As mentioned earlier, the only EICP results in the
literature with which the present results can be compared
are those of Fabrikant which are not available to us at
the present time. Our results were used for modeling the
experimental data for electron scattering from the laser-
excited 6 'P, state of barium and good agreement with
the experimentally observed intensity modulation of the
superelastic scattering was obtained. In comparing our
DWA and FOMBT results for the EICP's as given in our
Figs. 10—12 with similar results for helium it can be seen
that we obtain a larger number of maxima and minima in
the orientation parameter for Ba than similar calculations
give for He. This is evidently connected with the fact
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that the orientation parameter is the result of interference
among free-electron partial waves and since Ba is a
heavy atom there are large numbers of distorted waves
that interfere with each other and thus a richer interfer-
ence pattern is obtained than for helium.

The present calculation also shows that in the case of
the Ba 6 'So~6 'P& transition the FICP's k and g change
rapidly in the 0' ~ 0 & 10 angular range for E 60 eV in-
cident electron energies and therefore the extraction of
these parameters for these energies appears to be a
difticult experimental task.

V. CONCLUSION

Cross sections and EICP's have been calculated for the
6s 'So —6s6p 'P, transition in neutral barium. The in-

tegral cross sections agree well with other theoretical re-
sults, but tend to be somewhat larger than experimental
results. The differential cross sections show good agree-
ment with experiment in an angular range which in-

creases with energy. Our coherence parameters have
been used to model experimental data for electrons
scattering from the laser-excited 6 'P state of barium and
give good agreement with the experimentally observed in-
tensity modulation of the superelastic scattering.
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