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We have carried out relativistic distorted-wave calculations for inelastic electron scattering from the
6s5d 1,3D2 and 6s6p 1P1 excited states of barium in the energy range from 20 to 40 eV. Results are presented
for the differential cross sections and electron-impact coherence parameters and compared with experimental
measurements and other theoretical calculations for these quantities.
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I. INTRODUCTION

There has been little work, either experimental or theoret-
ical, on electron-induced transitions between excited states
of atoms. A notable exception is barium where sufficiently
large populations of excited states can be produced by laser
irradiation to allow for the measurement of inelastic and su-
perelastic scattering processes from these states. Pioneering
work was carried out by Registeret al. f1g and more recent
experiments by Zetner and his co-workersf2–7g have refined
and extended these measurements. In addition, unitarized
distorted-wave approximationsUDWAd and converged
close-couplingsCCCd calculations have been performed for
these processes and reported in the references given above.
The results reported in these references are differential cross
sectionssDCSsd for various inelastic and superelastic transi-
tions between excited states induced by electron collisions.
In addition, the electron-impact coherence parameters
sEICPsd are obtained by interpreting the experiments as the
time reversal of electron-collision-induced transitions fol-
lowed by radiative decay.

The experimental measurements involve laser excitation
to the 6s6p 1P1 level of barium. Since the laser light is lin-
early or circularly polarized the excited state is represented
as a coherent superposition of magnetic substates. However,
if these states are allowed to decay radiatively, the 6s5d 1,3D2
metastable states are populated and radiation trapping pro-
duces incoherent statesf5g. There are sufficient numbers of
atoms in these metastable states that electron scattering ex-
periments can be performed and cross sections for excitation
to higher-lying excited states measured.

Alternatively, electrons can be scattered, either inelasti-
cally or superelastically, directly from the 6s6p 1P1 states.
The resulting cross sections depend on the direction of the
laser beam and the plane of polarizationsin the case of lin-
early polarized lightd and are denoted as partial differential
cross sectionssPDCSsd f4g. By varying the laser geometry,
the DCS can be obtained from the measured PDCSf5g. As
well, the EICP for the time-reversed collision process can
also be obtained from the PDCS. In this time-reversed inter-
pretation, the 6s6p 1P1 state is always the final excited state
which radiates to the ground statef2,3,6,7g.

We have previously used the relativistic distorted-wave
sRDWd method to calculate electron excitation from the
ground state of bariumf8,9g and obtained results which were
in generally good agreement with experiment and other the-
oretical work. In this paper we apply the RDW method to the
inelastic and superelastic scattering of electrons from excited
states of barium in order to compare with the experimental
and theoretical results referred to above. This is a test case
for the reliability of the RDW method for scattering from
excited states.

II. THEORETICAL CONSIDERATIONS

Barium is a sufficiently heavy atom that many of its fine-
structure states can be resolved in the scattering experiments
listed above. Thus it is important to have a good representa-
tion of these target states for the theoretical calculations. We
use theGRASP92 program of Parpiaet al. f10g to produce
Dirac-Fock target wave functions. These have the advantage
that they represent the fine-structure states directly without
the additional recoupling required for the nonrelativistic
LS-coupled wave functions.

We consider the barium atom to have a closed-shell core

1s22s22p̄22p43s23p̄23p43d̄43d64s24p̄24p44d̄44d65s25p̄25p4 in
the j- j coupled notation where, for example,p̄ indicates an
electron with total angular momentumj =1/2 while p is an
electron with j =3/2 with a similar notation for the other
electrons. For the neutral atom there are two valence elec-
trons outside this core. However, the ground and excited
states cannot be represented accurately by a single configu-
ration of these two electrons and must be considered in the
configuration-interaction form as a linear combination of a
number of two-electron configurations.

Our strategy has been to optimize the target wave func-
tions by doing separate calculations for a small group of
transitions with specific values of the total angular momen-
tum J of the target states. Thus, for example, we have done
one calculation involving the initial states 6s5d 1,3D2 and the
final states 6s6p 3P2 and 6p5d 3F2 sfeatures 21 and 24 off4gd
and a separate calculation for the same initial states but with
final state 6s6p 1P1 sfeatures 22 and 23d. For those cases
where the initial state was 6s6p 1P1 we have done a separate
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calculation for each transition. Complete details of these cal-
culations are given in Tables I and II.

In Table III we present a comparison of the transition
energies and oscillator strengths for those transitions where
there are meaningful data for comparison. In particular, we
compare our results with experimental values as well as re-
sults from the UDWA and CCC calculations. We do not give
the energies of the individual levels since in our bound-state
calculations the ground configuration was not included. We
have reported the gf values for the oscillator strengthsswhere
g is the statistical weight 2J11 of the initial level of the
transition and f is its oscillator strengthd which are indepen-
dent of the choice for the initial and final states of the tran-
sition. In the majority of cases our energies are within 10%
of the experimental values but there are several cases where
the difference is larger. The CCC calculations give superior
agreement in almost all cases while the UDWA accuracy is
comparable to the present results. There are less reliable data
in the case of oscillator strengths but again the CCC results
appear more reliable. In the case of feature 6 our very small
value is due to the absence of the ground configuration in the
J=0 state.

The theoretical development of the RDW method has
been given by Zuoet al. f13g. Here we calculate theT ma-

trices for the electron excitation of statea to stateb,

Tb←a = kFb
DWsN + 1duV − UuCa

DWsN + 1dl s1d

where

Fb
DWsN + 1d = wbsNdFb

DW−sN + 1d s2d

represents the final-state total wave function and

Ca
DWsN + 1d = AhwasNdFa

DW+sN + 1dj s3d

the total initial wave function.N represents the number of
electrons in the target atomshereN=56d andV is the Cou-
lomb interaction between the incident electron and the atom.
wa and wb are the configuration-interaction wave functions
for the initial and final states of the atom as given in Tables
I and II andA is the antisymmetrization operator.FDW+,− are
the outgoing and incoming distorted waves calculated in the
presence of the distortion potentialU which is taken to be the
usual choice of the spherically averaged static potential of
the final statewb. SinceU is a function of the scattered elec-
tron only, it does not contribute to theT matrix due to the
orthogonality of the atomic wave functions.

TABLE I. Configurations used in the calculation of theGRASP92program for the target states when the

initial states were 6s5d 1,3D2. Note that we dropped the 5d̄7s and 5d7s configurations in the features 40 and
42.

Featurea States Configurations

6s5d 1,3D2 5d̄6s,5d6s,5d̄2,5d̄5d,5d2,5d̄7s,5d7s,6p̄6p,6p2

21, 24 6s6p 3P2,6p5d 3F2 6s6p,5d̄6p̄,5d6p̄,5d̄6p,5d6p

22, 23 6s6p 1P1 6s6p̄,6s6p,5d̄6p̄,5d̄6p,5d6p

41 6p5d 3P2 6s6p,5d̄6p̄,5d6p̄,5d̄6p,5d6p,6s7p

40, 42 6p5d 3P1,6s7p 1P1
b

6s6p̄,6s6p,5d̄6p̄,5d̄6p,5d6p,6s7p̄,6s7p

aNotation of Zetneret al. f4g.
bMoore f11g and Karlsson and Litzénf12g identify this state as 5d6p 1P1.

TABLE II. Configurations used in the calculation of theGRASP92program for the target states when the initial state was 6s6p 1P1. Note
that in the case of features 7 and 12 where the final state was also1P1, the configurations for the initial and final states were combined.

Featurea States Configurations

6s6p 1P1 6s6p̄,6s6p,5d̄6p̄,5d̄6p,5d6p

1 6p5d 1D2 5d̄6p̄,5d6p̄,5d̄6p,5d6p

1, 3 5d2 1D2, 3P2 5d̄6s,5d6s,5d̄2,5d̄5d,5d2,5d̄7s,5d7s,6p̄6p,6p2

6 6s7s 1S0 6s7s,6s8s,6p̄2,6p2,5d̄2,5d2,5d̄6d̄,5d6d

7 6s7p 1P1 6s7p̄,6s7p

8 6s6d 1P2 6s6d̄,6s6d,5d̄2,5d̄5d,5d2,5d̄7s,5d7s

12 6s8p 1P1
b 6s7p̄,6s7p,6s8p̄,6s8p

13 6s8s 3S1 6s8s,5d̄6d̄,5d̄6d,5d6d̄,5d6d

19 6s8d 1D2 6s7d̄,6s7d,6s8d̄,6s8d,6s9d̄,6s9d,5d̄2,5d̄5d,5d2,5d̄6d̄,

5d̄6d,5d6d̄,5d6d,6p̄6p,6p2

aNotation of f4g.
bMoore f11g and Karlsson and Litzénf12g identify this state as 6s7p 1P1.
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If we specify the total angular momentum andz compo-
nent ofwa asJa,Ma and the spin of the incident electron as
ma with a similar notation for the final stateb then we can
write

Tb←a = kJbMbmbuVuJaMamal s4d

where the quantization axis lies along the direction of the
momentum of incident electronsi.e., the collision framed. If
we define density matrix elements as

rMM8 =
1

2 o
mambMa

kJbMmbuVuJaMamalkJbM8mbuVuJaMamal*

s5d

then, with our normalization of the distorted waves, the dif-
ferential cross section is given by

s =
1

2Ja + 1o
M

rMM . s6d

Considering the particular case whereJb=1, the PDCS mea-
sured byf4g is given by

FIG. 1. Differential cross sections for the 6s5d 3D2–6s6p 3P2
excitation in barium in units of cm2/sr at an electron impact energy
of sad 20 and sbd 36.7 eV. The full curves represent the present
RDW results. Data fromf5g are long-dashed curve, UDWA; short-
dashed curve, CCC; + with error bars, experimental measurements.

FIG. 2. As for Fig. 1 for the 6s5d 1D2–6s6p 1P1 excitation with
the addition of the experimental data3 with error bars fromf6g.

TABLE III. Transition energiesseVd and oscillator strengthssgf valuesd. F, feature number;Eex, experimental transition energiesf11,12g;
gfcr, critically evaluated experimental oscillator strengthsf15g. The subscripts RDW, DW, and CCC refer to results from the present
calculations, the UDWA results off4g, and the CCC resultsf16g, respectively.

F Transition states Eex ERDW EDW ECCC gfcr gfRDW gfDW gfCCC

1 6s6p 1P1–5d2 1D2 0.620 1.220 0.732 0.723 0.585 0.204

3 6s6p 1P1–5d2 3P2 0.726 1.264 0.811 0.860 0.153 0.036

6 6s6p 1P1–6s7s 1S0 1.261 1.200 1.349 1.273 0.00097 0.525

7 6s6p 1P1–6s7p 1P1 1.301 1.206 1.413 1.330 0 0 0 0

8 6s6p 1P1–6s8d 1P2 1.510 1.496 1.734 1.595 1.031 1.245

12 6s6p 1P1–6s8p 1P1 1.796 1.739 2.080 0 0 0 0

13 6s6p 1P1–6s8s 3S1 1.965 1.989 2.071 0.00035 0.00020

21 6s5d 3D2–6s6p 3P2 0.533 0.473 0.242 0.463 0.0988 0.010 0.045

22 6s5d 1D2–6s6p 1P1 0.826 0.412 0.691 0.834 0.0255 0.0029 0.015

23 6s5d 3D2–6s6p 1P1 1.097 0.714 0.948 1.089 0.00035 0.005

24 6s5d 1D2–6p5d 3F2 1.323 1.123 1.322 1.304 1.260 0.375

40 6s5d 3D2–6p5d 3P1 2.044 1.894 1.957 2.083 0.95 0.647 0.930

41 6s5d 3D2–6p5d 3P2 2.076 1.945 1.823 2.121 0.433 0.641 0.200

42 6s5d 1D2–6s7p 1P1 2.128 1.772 2.104 2.164 0.69 0.174 0.610 0.540
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sPDCS=
5

6
r11 +

1

6
r00 +

1

2
r−11−

Î2

3
Rer01. s7d

Following f6g, we define

Iscd =
1

2
hs1 − cos 2cdr11 + s1 + cos 2cdr00

− s1 − cos 2cdr−11+ 2Î2sin 2c Refr01gj s8d

and

Is±d =
1

2
hr11 + r00 − r−11± 2Î2Imfr01gj. s9d

Then the Stokes parameters are given by

P1 =
Is0d − Is90d
Is0d + Is90d

, s10d

FIG. 3. As for Fig. 1 for the 6s5d 3D2–6s6p 1P1 excitation.

FIG. 4. As for Fig. 1 for the 6s5d 1D2–6p5d 3F2 excitation.

FIG. 5. As for Fig. 1 for the combined 6s5d 3D2–6p5d 3P1 and
6s5d 3D2–6p5d 3P2 excitations.

FIG. 6. As for Fig. 1 for the 6s5d 1D2–6s7p 1P1 excitation.
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P2 =
Is45d − Is135d
Is45d + Is135d

, s11d

P3 =
Is+ d − Is− d
Is+ d + Is− d

, s12d

while thel parameter is

l =
r00

r00 + r11 + r−1−1
. s13d

III. RESULTS

A. Differential cross sections

Zetneret al. f5g have presented differential cross section
results, both experimental and theoretical, for excitations
from the initial 6s5d 1,3D2 states to a number of final states.
The details for these transitions are given in Table I. In Figs.

FIG. 7. Differential cross sections for the 6s6p 1P1–5d2 3P2 ex-
citation in barium in units of cm2/sr at an electron impact energy of
sad 20 andsbd 36.7 eV. The present RDW results for the DCS are
shown by the full curve and for the PDCS by the chain curve. The
UDWA results fromf4g are shown by the long-dashed curve and the
CCC results off16g by the short-dashed curve. The experimental
data fromf4g are shown as + with error bars.

FIG. 8. As for Fig. 7 for the 6s6p 1P1–6s6d 1D2 excitation.

FIG. 9. As for Fig. 7 for the 6s6p 1P1–6s8p 1P1 excitation.
There are no CCC results for this transition.

FIG. 10. As for Fig. 9 for the 6s6p 1P1–6s8s 3S1 excitation.
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1–6 we compare our results for differential cross sections at
20 and 36.7 or 40 eV with those given by Zetneret al. f5g.

All three theories produce cross sections of similar shape
and magnitude although in some cases the UDWA results
deviate from the other two for larger scattering angles. Un-
fortunately, the experimental data are only available for
smaller angles limiting the range over which comparisons
can be made. In general, the CCC results are in closer agree-
ment with experiment than either the UDWA or present
RDW values.

It is somewhat surprising to note that all these cross sec-
tions have very similar shapes, which include a sharp for-
ward peak characteristic of an allowed transition. In fact, the
shapes are similar to the cross sections for excitation of the
ground 6s2 1S0 state to the 6s6p 1P1 excited statef8g. The
designation given for the initial and final states for the cross
sections in Fig. 3, for example, would imply that this is a
spin-forbidden transition which would normally have a much

smaller and rather flat cross section in the forward direction.
However, the notation used for the states arises fromLS
coupling and is not valid for heavy atoms such as barium. As
given in Table I, both the initial and final states are linear
combinations of a number of configurations inj- j coupling
some of which lead to allowed transitions. Even if the cal-
culations are carried out inLS coupling, it is found that sin-
glets and triplets are mixed so that one cannot depend on the
state designation to lead to accurate information about the
nature of these transitions.

Zetneret al. f4g measured a number of cross sections for
inelastic scattering from the 6s6p 1P1 excited state to various
higher-lying states. The results of UDWA calculations were
also included in this paper. Since the 6s6p 1P1 state is ini-
tially excited by polarized laser light, the state is oriented
si.e., the magnetic substates are unequally populatedd and
thus what is measured is a “partial differential cross section.”
For the particular experimental configuration used, the ex-
pression for this PDCS is given in Eq.s7d. The transitions
involved are given in Table II labeled as features 3, 8, 12, 13,
and 19. The cross sections for these transitions are shown in
Figs. 7–11 for incident electron energies of 20 and 36.7 eV
along with the experimental results and the UDWA calcula-
tions as well as some unpublished CCC results at 20 eVf16g.

Our calculations indicate that the PDCS values are very
close to the DCS results. The UDWA calculations give a
similar result though their PDCS values are not shown here.
For several of these transitions the UDWA calculations ex-
hibit a number of maxima and minima at larger scattering
angles which are not predicted by the other theories. Unfor-
tunately these occur beyond the range of the experimental
measurements. The excitation of the 6s8p 1P1 state shown in
Fig. 9 is a forbiddensodd-oddd transition and this is evident
by the fact that our RDW cross sections have a much less
pronounced peak in the forward direction. There are also
significant differences between the PDCSs and DCSs at
small scattering angles although these differences are less
than the error bars on the experimental results. The UDWA
results show the same general pattern of behavior as the
RDW ones but with significant differences in magnitude. The
excitation of the 6s8s 3S1 state is also basically a forbidden
transition in our RDW calculation as shown in Fig. 10. Al-

FIG. 11. As for Fig. 9 for the 6s6p 1P1–6s8d 1D2 excitation.

FIG. 12. Differential cross sections for the ex-
citation of the initial 6s6p 1P1 state at 20 eV
electron-impact energy. The final states aresad
6p5d 1D2; sbd 5d2 1D2; scd 6s7s 1S0; sdd
6s7p 1P1. The legend is the same as for Fig. 1 but
there are no experimental data.
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though there is some singlet-triplet mixing here it is quite
minor sinceLS coupling becomes increasingly valid for the
more highly excited states. Although the shapes of the
PDCSs and DCSs are very similar, there is a noticeable dif-
ference in magnitude. In contrast, both the UDWA calcula-
tions and the experiment exhibit a strong forward peak char-
acteristic of an allowed transition. If the smaller magnitude
of the RDW DCS results is accurate for small scattering
angles, this could indicate that the experimental measure-
ments are contaminated from nearby allowed transition with
a much larger DCS. As in the previous cases, the CCC re-
sults where they exist are in good agreement with the experi-
mental data.

In anticipation of new measurementsf17g we present
cross sections for the excitation of the 6s6p 1P1 state to the
6p5d 1D2, 5d2 1D2, 6s7s 1S0, and 6s7p 1P1 states in Fig. 12
for electron-impact energies of 20 eV along with CCC and
UDWA results. The first and last of these are forbiddensodd-
oddd transitions while the other two are allowed. The cross
sections in the forward direction are noticeably smaller for
the forbidden transitions as compared to the allowed ones.
There is fair agreement between the three theoretical results
for the allowed transitions, especially in shape, but the agree-
ment is less satisfactory for the forbidden transitions. It will

be of interest to find the experimental results for these cases
although if they are limited to smaller scattering angles as in
the previously reported results, they will not be of much help
in distinguishing between the various theoretical results.

B. Coherence parameters

Turning to the Stokes parameters for the
6s5d 1D2–6s6p 1P1 transition we show the RDW and CCC
results at 20 eV in Fig. 13 along with the experimental mea-
surements of Johnsonet al. f6g. We note that the Stokes
parameterP1 has a nonzero value for 0° scattering but is not
unity, unlike scattering from a1S0 statessuch as the ground
stated. For P1 the RDW results agree well with the behavior
of the experimental data but the magnitudes at the extrema
are larger than the measured values. The maxima and
minima of the CCC results are shifted in position from both
the RDW and experimental results. In the case ofP2 the
CCC calculations are in good agreement with experiment for
scattering angles greater than 20° while the RDW curve is in
better agreement at smaller angles. Both sets of theoretical
data have similar behavior over the whole range of scattering
angles. ForP3 neither of the theories agrees well with ex-
periment or with each other. We also show thel values in

FIG. 14. As for Fig. 13 but at 40 eV.

FIG. 13. Stokes parametersP1, P2, P3, andl
values for the 6s5d 1D2–6s6p 1P1 excitation in
barium at 20 eV. The full curve represents the
present RDW results. Data fromf5g are dashed
curve, 115-state CCC results; + with error bars,
experimental measurements.
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this figure. Here the CCC results are in good agreement with
experiment while the RDW extrema are somewhat shifted in
position and magnitude.

Figure 14 shows the same results as Fig. 13 but for an
incident energy of 40 eV. ForP1, P2, andl the RDW and
CCC results are in closer agreement with each other at
smaller scattering angles than at 20 eV while the agreement
with experiment is very similar. ForP3 there is much better
agreement between theory and experiment than at 20 eV.
However, the CCC results show a pronounced minimum near
7° that does not appear in either the RDW calculations or the
experiment. At larger scattering angles there is considerable
variation in magnitude for all four EICPs.

Johnsonet al. f7g have measuredLperp
+ =−P3 for features

1, 3, 6, 7, and 8 as listed in Table II at 20 eV incident
electron energy. This paper also contains CCC calculations to
compare with the measured quantities. They also presented
CCC results which took into account the finite interaction
volume of the experiments but since the difference was less
than the experimental error bars we have not considered this.
Since the other EICPs are also being measured for these
transitionsf17g we show our RDW results for the complete
set in the following figures and compare with the experimen-
tal results and CCC calculations where available.

Figure 15 shows the results for feature 1, results from the
deexcitation of the unresolved 5d6p 1D2 and 5d2 1D2 levels
to the 6s6p 1P1 level. Since the deexcitation of the 5d6p 1D2
level is an odd-odd parity transition andJa+Jb is odd, the
direct scattering amplitude in the forward scattering is zero
in a first-order theory such as the RDW andP1 is very close
to −1 here. ThusP1 for the combined transition starts off
with a negative value. For theLperp

+ parameter there is con-
siderable difference between the RDW and CCC results. The
experimental results lie below the CCC results but have a
similar shape. Figure 16 presents the data for the 5d2 3P2 to
6s6p 1P1 deexcitation. This is a dipole-allowed transition
andP1 starts off with positive values. For both the RDW and
CCC calculations theLperp

+ values are almost identical with
the ones for the 5d2 1D2 to 6s6p 1P1 transition snot shown
separatelyd although this is not the case for the other EICPs.
Since the two 5d2 upper states are formed from the same
configurations but have different energies and mixing coeffi-
cients this is not too surprising. Here the CCC results agree
with experimental measurements within the error bars while
the RDW results produce a similar shape but smaller magni-
tude at small scattering angles.

In Fig. 17 we show the EICPs for the 6s7s 1S0 to 6s6p 1P1
deexcitation. Note that this has the same level designation as

FIG. 15. Stokes parametersP1, P2, Lperp
+ =

−P3, and l values for the combined
5d6p 1D2–6s6p 1P1 and 5d2 1D2–6s6p 1P1 deex-
citation in barium at 20 eV. The full curve repre-
sents the present RDW results. Data fromf7g are
dashed curve, CCC results; + with error bars, ex-
perimental measurements.

FIG. 16. As for Fig. 15 for the
5d2 3P2–6s6p 1P1 deexcitation.
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the excitation from the ground 6s2 1S0 state to the 6s6p 1P1
level. In fact, theP1 parameter is very similar to that calcu-
lated by Srivastavaet al. f8g at 40 eV. In particular,P1 is
unity for scattering at 0°. Here ourLperp

+ values are quite
similar to the CCC results and the experimental values lie
between the two curves. The results for the deexcitation of
the 6s7p 1P1 level to the 6s6p 1P1 level are shown in Fig. 18.
This is an odd-odd parity transition and hence dipole forbid-
den but sinceJa+Jb is even here the direct scattering ampli-
tude is not zero for forward scattering andP1 is positive
there. The EICPs for this transition have rather different be-
havior from the others considered in this paper. The RDW
and CCC results forLperp

+ are quite different here, the RDW
results being close to zero at almost all scattering angles and
in good agreement with experiment. Finally in Fig. 19 we
show the results for the deexcitation of the 6s6d 1D2 level.
This transition is similar to the one shown in Fig. 13 andP1
in particular is quite similar in these two cases. There is
reasonable agreement between the RDW and CCC results for
Lperp

+ except at larger scattering angles. The experiment pro-
duces similar results which generally lie somewhat below the
theoretical results but have a very similar behavior.

One rather striking feature is thatP1 and l have a very
similar shape over most of the angular range for all the tran-
sitions shown here except for the combined transitions

shown in Fig. 15. This is not entirely surprising since for a
completely coherent transitionP1=2l−1 sAndersonet al.
f14gd. This relationship holds nearly exactly for the 6s7s 1S0
to 6s6p 1P1 deexcitation shown in Fig. 17. This transition is
almost completely coherent sinceP1

2+P2
2+P3

2 is very nearly
equal to unity at all scattering angles andP1=1 at 0° where
P2 and P3 must be zero. However, all the other transitions
are far from coherent sinceP1

2+P2
2+P3

2 is much less than
unity for almost all angles. Since the wave functions are
linear combinations of a number of configurations, this be-
havior cannot be explained by a simple angular momentum
recoupling argumentse.g., the fine-structure effectd.

IV. CONCLUSIONS

We have applied the RDW method to the calculation of
DCSs and EICPs for inelastic electron scattering from ex-
cited states in barium. In order to get a good description of
the excited states, either relativistically or nonrelativistically,
a number of electron configurations have to be included.
Thus these states cannot be simply described in eitherLS or
j- j coupling schemes.

In general, there is reasonable agreement between the
RDW, CCC, and UDWA results for the DCSs. All of the
DCS measurements have been taken for small scattering

FIG. 17. As for Fig. 15 for the
6s7s 1S0–6s6p 1P1 deexcitation.

FIG. 18. As for Fig. 15 for the
6s7p 1P1–6s6p 1P1 deexcitation.

INELASTIC ELECTRON SCATTERING FROM EXCITED… PHYSICAL REVIEW A 71, 052715s2005d

052715-9



angles where the cross sections are relatively large and they
generally agree best with the CCC results. Measurements at
larger angles would provide a more stringent test of the theo-
ries since the differences among the different theoretical re-
sults are larger for larger scattering angles. Unfortunately, the
cross sections are substantially smaller there, making mea-
surements extremely difficult.

In the case of the EICPs, there are no UDWA calculations
and there are considerable differences between the RDW and
CCC calculations in many cases. The experimental measure-
ments do extend to larger scattering angles but only for a
single transition. However, the agreement with the experi-
mental data is somewhat inconsistent. We look forward to
additional measurements for these parameters.

This study of electron scattering from excited states indi-
cates that the strength of the RDW calculations lies in the
calculation of the EICPs. UDWA results do not exist for
these quantities and the agreement between the CCC results
and experiment is less good than for the DCSs.
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