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Recent experiments by Baum, Raith, and co-workers to measure the spin-induced asymme
electron scattering from cesium have stimulated theoretical work to interpret these measure
We present DiracR-matrix calculations of the interference asymmetry function, and of the spin-o
and spin-exchange asymmetries, for comparison with experimental data at 7 and 13.5 eV an
nonrelativistic predictions of the spin-exchange asymmetry from the convergent close coupling m
We find that a simple relativistic target model provides a basis for the understanding and anal
ongoing experiments. [S0031-9007(97)04271-3]
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Spin polarization effects in elastic electron-atom scatte
ing can be attributed to several different causes. Exchan
polarization arises because electrons are indistinguisha
we have no way of knowing if the scattered electron
the same as the incident electron or was initially bound
the target, making the cross section dependent on the re
tive spin orientations of the incoming and target electron
Relativistic dynamics, approximated nonrelativistically b
the spin-orbit interaction, also makes the scattering cro
section spin dependent. Following an analysis by Bur
and Mitchell [1], Farago [2] suggested that the interferen
between the exchange and spin-orbit scattering amplitud
might be detectable. Atomic cesium was proposed as
ideal target with which to investigate this possibility, as
is easy to prepare experimentally and its atomic numb
Z  55, is large enough for appreciable spin-orbit effect
A preliminary calculation of elastic scattering from the C
6s ground state by Walker [3] suggested that the interfe
ence effect should be observable below about 15 eV in t
vicinity of a diffraction minimum in the differential cross
section.

The differential cross section for scattering of polarize
electrons from polarized target atoms depends upon
polarization vectorsPe and Pt of the incident and target
electrons, respectively, through the formula [4]

ssud  susud f1 2 AexsudPe ? Pt 1 As.o.sudPe ? n

1 AintsudPt ? ng ,

Here n is normal to the scattering plane containing th
tracks of the incident and scattered electrons, andsusud
is the differential cross section for the scattering o
unpolarized electrons. The asymmetry functionsAexsud,
As.o.sud, and Aintsud can thus be obtained by combining
cross sections for four different polarization settings of th
target and the incident electron relative ton [4]. While
this does not constitute a “perfect scattering experimen
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in the sense of Bederson [5], which would require t
measurement of 11 parameters [1], the measuremen
these asymmetry functions alone constitutes a string
test of our understanding of the underlying physics [6,7

More than twenty years after Farago’s suggesti
[2], it has become possible to measure the interfere
effect in electron scattering from polarized Cs targe
and so to make an experimental verification of th
essentially relativistic phenomenon. Gehenn and Reich
[8] had shown that the differential cross section for elas
scattering from cesium in the energy range 20 down
0.8 eV has at least one deep diffraction minimum
the angular range32± , u , 143±. Klewer et al. [9]
measuredAs.o.sud between 13 and 25 eV, and Raithet al.
[4] estimated thatAintsud might be observable in the rang
from 10 to 20 eV. Their first results for the interferenc
asymmetry, [4], show thatAintsud is close to zero at
13.5 eV but is definitely nonzero at 7 eV. These resu
disagree with the predictions made by Walker [3] at 5 a
13.6 eV so that a better calculation than his is needed
explain the observations successfully.

Walker’s relativistic distorted wave calculations [3] rep
resented the Cs core by a model potential incorporat
core polarization. There have been a number of calcu
tions since then. Scottet al. [10] used a 5-state Breit-Paul
semirelativisticR-matrix model (BPRM) including only
the 6s1y2, 6p1y2, 6p3y2, 5d3y2, and 5d5y2 target states.
Bartschat [6] added7s1y2, 7p1y2, and7p3y2 to give an 8-
state target model, revealing some consistency problem
the earlier 5-state calculations. Thummet al. [7,11] em-
ployed an equivalent 5-state Dirac (relativistic) model
which the effect of the noble-gas-like core was represen
by a model potential which was carefully optimized to r
produce observed target levels. Bartschat and Bray [
have recently made calculations with the (nonrelativist
CCC (“convergent close coupling”) method, which pa
© 1997 The American Physical Society 2955
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particular attention to target state completeness. Since
pays no regard to spin-orbit coupling, it is able to pre
dict only susud and Aexsud but not the other asymmetry
parameters. The differential cross section is well repr
sented by both the recent BPRM and CCC models at lo
scattering energies, but there are significant discrepanc
for large scattering angles with the DiracR-matrix results.
The asymmetry functions on which we focus in this pape
are more sensitive to the choice of model and have so
been less well investigated.

A calculation which treats both the electrons of th
target atom and the dynamics of the scattering proce
in a relativistically consistent manner is clearly the
most desirable way to interpret the experiments. O
development of theDARC Dirac R-matrix code [13,14]
was intended to facilitate such investigations.DARC

incorporates the widely used GRASP2 relativistic atom
structure package [15] for target state calculation, and us
fully compatible computational methods.DARC has been
available for some years to study electron scattering fro
atoms and ions [13,16], and we have now extended it
evaluate angular distributions and polarization-asymmet
observables. We here report our first results for th
interpretation of the electron polarization experiments
7 and 13.5 eV.

DARC calculations.—The Cs target is described by
a closed core and eight one-electron orbitals:6s1y2,
6p1y2, 6p3y2, 5d3y2, 5d5y2, 7s1y2, 7p1y2, 7p3y2. These are
determined by an extended average level (EAL) se
consistent field GRASP2 calculation (see [15] for de
tails). This method of generating target wave function
is simple and cheap, but neglect of core polarization an
other correlation effects will limit its accuracy. TheN-
electron target states determine a static potential for t
R-matrix continuum pseudostates whichDARC uses in
the scattering calculation. In this energy region, a larg
number of partial waves are needed for satisfactory co
vergence. We included all relativistic quantum numbe
k  71, 72, . . . , 743 and constructed the Dirac Hamil-
tonian of thesN 1 1d-electron system inside theR-matrix
sphere for each of the symmetriesJp  07, 17, . . . , 407.
All possible jj-coupled channels were included and us
was made of the Buttle correction [17] to compensate f
the incompleteness of the target state description.DARC

constructs theK matrices from which the scattering am-
plitudes and all derived quantities—the cross sections a
asymmetry functions—can be calculated. Small contr
butions from high partial waves not treated explicitly ca
be approximated with the effective range formula of [18]

Kij 
padk2

i

s2li 1 3d s2li 1 1d s2li 2 1d
dij ,

where ki and li are, respectively, the linear momentum
and the orbital angular momentum of the continuum
electron in channeli and ad is the dipole polarizability.
Up to 400 symmetries can thus be included, sufficie
2956
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to give reasonable convergence provided the matching
done at a suitable value ofJ.

Our aim in this Letter is to see whether this relativel
simple model based on a consistent relativistic approa
gives a reasonable description of the observed s
polarization data, particularly the asymmetriesAs.o.sud
and Aintsud which can be predicted only by a relativistic
theory. As the cesium states in question are weak
bound, we expect to obtain very similar results to a
equivalent BPRM calculation, although we are not in
position to demonstrate this in the present paper.

Results at 7.0 and 13.5 eV.—Figures 1 and 2 display
our results for all three asymmetry functions at scatteri
energies of 7.0 and 13.5 eV, respectively, (solid line
for comparison with data communicated by the Bielefe

FIG. 1. Asymmetry functions for electron scattering from
Cesium at 7.0 eV. TheDARC results (solid lines) are compared
with data supplied by Dr. Tondera of the Bielefeld group [19
Other theoretical results due to Bray and Bartschat [12] a
shown in (c): 19-state CC calculation (chain curve); full CC
calculation (dashed curve). The effect of using experimen
rather than theoretical thresholds in theDARC calculations is
shown as the line of short dashes.
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FIG. 2. Asymmetry functions for electron scattering from
cesium at 13.5 eV. Bielefeld data [4] are shown as filled circl
and the data of Kleweret al. [8] as open squares. Otherwis
the symbols are the same as in Fig. 1.

group [4,19] and with earlier calculations. At 7 eV, w
found only small differences between 5-state and 8-st
calculations at the level of a few percent, and we ha
therefore plotted only 8-state results. Similar differenc
appear when the transition to the effective range formu
is made atJ  32 or 36 rather than atJ  40. If the
transition is made at too low a value ofJ, the asymmetries
oscillate about a stable smooth curve, which is we
enough represented at this energy by making the cha
at J  40. We estimate that the overall error of ou
results at 7 eV is in the region 5%–10%. Resources ha
not permitted us to increase the largest value ofJ at the
transition point to be greater than 40.

The exchange asymmetryAexsud is essentially nonrela-
tivistic, and in Fig. 1 we compare our results at 7 eV (sol
lines) with experimental data from Bielefeld and from th
paper of Kleweret al. [8]. In Fig. 1(c) we also include
CCC results of Bartschat and Bray [12]. They used
model potential based on a frozen-core Hartree-Fock c
es
e

e
ate
ve
es
la

ll
nge
r
ve

id
e

a
al-

culation augmented with a locall-dependent core polar-
ization potential chosen to fit several low-lying Cs level
The target Hamiltonian for this potential was diagonalize
in a Sturmian basis to give a pseudostate representa
of the excited states and the continuum, and its eigensta
were then used to solve the Lippman-Schwinger equatio
The chain curve shows 19-state results from [12] claim
to be converged in the discrete subspace and the das
curve includes also continuum contributions which are sa
to be converged to about 10%. These agree better w
experiment than theDARC results, probably because the
included a core polarization potential which improves th
agreement between observed and computed atomic le
and slightly changes the wave functions. The short das
show an attempt to correct theDARC results partially for
core polarization by shifting the predicted levels to the e
perimental positions. This improves the fit to experime
below90±, and moves the curve closer to the CCC curve
None of the theoretical calculations agree very well wi
experiment at larger angles.

The observablesAs.o.sud andAintsud, Fig. 1(a) and 1(b),
can be predicted only by a relativistic or semirelativist
theory which includes spin-orbit coupling, and we hav
only our own theoretical results. Again, theory an
experiment diverge foru . 100±, and there are prominen
features in the theoretical curves at around120± which are
not reproduced by experiment. The differences at lar
angles need further investigation.

The comparisons at 13.5 eV in Fig. 2 show the sam
general trends, although the oscillations of the theoreti
curves reveal that the transition to the effective ran
formula should be made at a higher value ofJ to obtain a
smooth result. This problem is likely to become wors
at higher energies. Our results forAs.o.sud at 13.5 eV
support the Bielefeld data [4] rather than the older da
of Klewer et al. [8]. No experimental data are availabl
at this energy at angles greater than about95±.

Discussion.—We have compared polarization asym
metry functions computed with our relativisticDARC code
with experiment and with predictions made by the no
relativistic CCC model. Both theoretical models agre
reasonably well with experiment for the exchange asy
metry at 7 eV and at angles below about100±. The agree-
ment is not good whenu . 100±, and improvements in
the target wave function representation and careful att
tion to the convergence of the partial wave expansion w
be needed to do better. While the CCC method go
some way towards achieving these aims for the ess
tially nonrelativistic observablessusud and Aexsud, the
disagreement between theory and experiment at large
gles suggests that more needs to be done. It would
desirable to make a more direct comparison ofDARC,
BPRM, and CCC models for all measurable quantiti
in the future using the same choice of target states a
the same core polarization potential. The CCC work su
gests that the inclusion of more continuum pseudosta
2957
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in theR-matrix calculations, as, for example, in Bartscha
et al. [20], would improve the agreement with experimen
at 13.5 eV, and one might hope that a relativistic versio
of CCC could be devised to do the same thing. This
entirely feasible.

Investment in more elaborate relativistic calculation
based on the Dirac Hamiltonian to interpret scatterin
of polarized electrons from polarized atoms is now
justifiable.

We are grateful to M. Tondera for providing us with
experimental data from the Bielefeld group in numerica
form, and to K. Bartschat and G. Baum for useful an
relevant discussions. An EPSRC research grant in supp
of S. A. is gratefully acknowledged.
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