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Relativistic R matrix with pseudostates calculations for electron scattering from cesium atoms
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The R matrix with pseudostateRMPS method was used with inclusion of relativistic effects to calculate
differential cross sections and several spin asymmetries for elastic electron scattering from Cs atoms in the
theoretically most difficult “intermediate energy regime” between one and five times the ionization threshold.
Comparison of the RMPS predictions with experimental benchmark data for 7, 13, and 20 eV is satisfactory,
thereby indicating the applicability of the method to collision systems involving heavy targets. Furthermore,
justification for the apparent success of nonrelativistic calculations for the differential cross sections and the
exchange asymmetry is given.

PACS numbd(s): 34.80.Dp

Electron scattering from Cs atoms has provided a theoretyears, it is worth noting that neither method has yet been
ical challenge for many years. After early attempts byapplied in a relativistic framework. Closest to this ultimate
Walker[1], Karule[2], and Burke and Mitchell3], interest  goal came nonrelativistic CCC calculations for electron scat-
picked up substantially in recent years with the rapid in-tering from barium atomgl4], in which relativistic effects in
crease of computational powpt—8]. However, all the cal- the target description were includedposteriori by adding
culations published so far neglected physical effects that areonrelativistic results weighted by the known intermediate-
known to be important in order to obtain reliable results. Incoupling coefficients.
the “intermediate energy regime” of incident energies be- Interestingly, thenonrelativisticCCC method was applied
tween approximately one and five times the ionizationwith some success also to elastic electron scattering from
threshold(3.89 eV in C3, these effects include a sophisti- cesium atom$7], the topic of interest for the present paper.
cated target description, relativistic interactions both in theNote, however, that relativistic effects are absolutely essen-
target and in the projectile-target interaction, and channeiial for generating a nontrivial result for several spin asym-
coupling between many discrete and continuum channels. metries constructed by adding or subtracting differential

Based on early work of Norcro$9], an accurate, though cross sectionsDCS) for particular initial spin preparations
still manageabléin a subsequent collision calculatioiarget  of both the target and the projectile electron. Nevertheless,
description can be obtained by including a semiempiricatwo observables that are nonzero without explicitly spin-
core potential to describe the response of the target core tependent forces such as the spin-orbit interaction within the
the outer target electron and the incident projectile. In factfarget or between the projectile electron and the target
Thumm and Norcrosfs] showed that correcting this poten- nucleus, namely, the differential cross sectiggfor unpo-
tial even further, by including a dielectric term to account for larized incident beams and the “exchange asymmetky,,
the simultaneous effect of both outer electrons on the coreyere predicted in quite satisfactory with experimgtt,16].
was essential at very low incident energies. Furthermore, Recently, experimental and theoretical benchmark results
calibrating the strength of the spin-orbit interaction in a per-for elastice-Cs scattering were presented in a combined ex-
turbative treatment with nonrelativistic orbitals, using the ex-perimental and theoretical effort by Bauet al. [17] for a
perimentally known bound spectrum as a guide, providegrojectile energy of 3 eV. This energy was chosen since it
results of comparable accuracy to what is typically obtainedvas judged as presenting approximately an equal challenge
in ab initio full-relativistic structure calculations. to both experimentalists and theorists, with the former gen-

Regarding the treatment of the collision process, theerally preferring higher energies due to the performance of
aforementioned channel coupling is extremely important inelectron optical elements and the latter preferring lower en-
the “intermediate energy regime.” A major step forward in ergies where the channel coupling is essentially restricted to
the treatment of electron-atom collisions, later followed bya few strongly coupled stateéVery high energies, techni-
applications to ionization by both photon and charged-ally suitable for both experimentalists and theorists, were
particle impact, was the “convergent close-coupling®’CC) not chosen since several of the interesting asymmetry effects
approach of Bray and Stelbovi¢$0,11. In this method, as require exchange between the projectile and the target elec-
well as in closely related treatments such as tiReMatrix  trons to be important.The overall conclusion of the 3 eV
with pseudostates(RMPS approacH 12,13, an attempt is benchmark study was a generally good agreement between
made to account for the channel coupling effect, essentiallgxperiment and theoretical predictions from an eight-state
to convergence, by including a sufficiently large number ofsemirelativistic Breit-PaulR-matrix calculation6] (labeled
physical and “pseudostates” in the close-coupling plus corBP8 below. Predictions based on the corresponding full-
relation expansion. The latter states approximate the couelativistic eight-state Dirac-BreiR-matrix calculation[8]
pling to both the high-lying discrete and the continuum stategjualitatively agreed with experiment as well, but apparently
of the target that are not included explicitly. While CCC andsuffered from deficiencies in the structure description of the
RMPS have been extremely successful over the past fiviarget. Finally, the nonrelativistic CCC results agreed well
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FIG. 1. Differential cross sectiogy and spin asymmetries,,,, FIG. 2. Same as Fig. 1 for an energy of 13 eV. Also shown are

A,, andA, for elastic electron scattering from cesium atoms at anthe A, results of Kleweret al.[19].
energy of 7 eV. The experimental results of the Bielefeld gfdu
are compared with theoretical predictions described in the text. Details of the experimental determination of these asym-
with experiment and the BP8 results for the DCS and the?a?tgiz\r’]vii;e gfl\éﬁg ggiEzus?mar;gr?gggzg\jIngotr?:s%r:)ﬁ;
exchang_e asymmetry, but would pre_dict exactly zero for twq0 “spin up-down” (with respect to' the réaction plane
gther Spin asymmetries that, experlmen'_tally, were found t%symmetries in the DCS for scattering of unpolarized elec-
€ nonzero over a wide range of scatterlng ang_le_s._ .. trons from polarized atomsA{) or polarized electrons
In this paper, we report results of a semirelativistic Bre|t-fr0m unpolarized atoms Ay), while A, represents an
Pauli R-matrix calculation in the theoretically most difficult “antiparallel-parallel” asymmétry In cor?rast to the nonrel-
islrt}f:eg#gggt(;r?giﬁgnrsgllr(?(()al.}pl-irr:lgeva\}teorren:‘ci:nﬁatlrltl/cf[triftle:je?:\; ativistic_ case, however, not or_1|y the relative qrientation of
! . " The projectile and target spins is relevant for this “exchange
equal footing, thereby allowing for the accurate prediction Ofasymmetry " but also their orientation with respect to the
the DCS and all three spin asymmetries measured by thteeaction plr;me[B] Finally, as pointed out by Faradds]
Bielefeld group at incident energies of 7, 13, and 20 eV. Innonvanishing val.ues 04\1’require thesimultaneousjmpor’—

detail, the observables of interest are tance of spin-orbit and exchange effects. Hence, this param-
1 eter is often called the “interference asymmetry.” It is gen-
UOZZ[U(TTH o(lTH)+o(T])+a(l])], (1) erally the smallesfin magnitude of the three asymmetries
and provides the greatest theoreti@id experimentalchal-
_ _ _ lenge.
Am=Lo(TD)+o(lT)=e(1T)=o(l1)}/400, () Several calculations were performed during the present

_ _ _ work. Starting with the BP8 model described in detail by
A=lo(ID+o(Th) -l =L))o, (3 Barschaf6], with the target description based upon a model

_ _ B potential for the inner 54 core electrons and a set of physical
Ar=lo(1)+oUD)—o(T)—a(lD) )40, (4 Gipitals (65,6p,5d.75,7p), we generated an additional

where o(1|) corresponds, for example, to the differential physical & orbital through optimization of the correspond-

cross section obtained with the initial target spin up and théng ionization potential. Then, pseudo-orbitalss(811s,
projectile spin down relative to the scattering plane. 8p—11p, 7p—10d, 4f—8f) were constructed as the
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FIG. 4. Differential cross sectiomy and spin asymmetrA,,

for elastic electron scattering from cesium atoms at an energy of 20
eV. The comparison of the various theoretical results indicates the

02¢ ] sensitivity on the target model and on the inclusion of relativistic
_04 oY YT VR NS RN NI R R T ef‘fECtS
0.04

A] " :
002 F g of numerically calculatedZ matrices by the extrapolated
0.00 \ ones. We also performed a smaller BP24 calculation by

] dropping two pseudo-orbitals for each angular momentum

002 F ] and a second nonrelativistic LS23 calculation in which ex-
-0.04 change with the core electrons was treated explicitly. These

0 30 60 90 120 150 180 calculations allowed us to assd$sthe importance of chan-
scattering angle 0 (deg) nel coupling,(ii) the importance of including relativistic ef-
FIG. 3. Same as Fig. 1 for an energy of 20 eV. Also shown arefECtS epriCit_Iy in the calculation _O‘fr_o andA,,, and(iii) the
the A, results of Kleweret al. [19]. effec_:t of a different target descrlptl(_)n._ _
Figures 1-3 show our results at incident energies of 7, 13,
, and 20 eV for the elastic differential cross sectigpnand the
minimum Sturmian basiB,(r)=Za;r{ "' exp(-a,r) for  asymmetriesA,,, A,, andA,. Since the experimental DCS
which the orbitals were normalized and orthogonal to alldata are relative, they were normalized to the BP40 calcula-
orbitals with lowern for the same angular momentdmThe  tion to provide a good visual fit. The experimental data plot-
range parametera;=0.8, a,=0.7, a3=0.65, anda;=0.9  ted in the graphs are slightly different from those published
were chosen in such a way that the lowest pseudostate faarlier [15,16), because of recent improvements in the ex-
each angular momentum was still below the ionizationperimental procedurgl7]. The data are compared with pre-
threshold while the others lay in the target continuum. Expedictions from the BP8, BP24, and BP40 calculations, the
rience showdq13] that this choice is advantageous for fastfull-relativistic Dirac eight-stateR-matrix model(only at 7
convergence with the number of pseudostates in the closeV), and nonrelativistic CCC resultgor o, and A, only).
coupling expansion. Overall, we note satisfactory agreement between our
When relativistic effects were included explicitly, the 23 BP40 predictions and the experimental data, particularly in
nonrelativisticLS states constructed from the above orbitalslight of the remaining scatter in the latter data. Also, for 13
resulted in a total of 40 fine-structure states. In light of theeV incident energy, our results support the recent Bielefeld
additional possibilities for channel coupling, the computa-data compared to the older measurements of Klesteal.
tional effort for the resulting BP40 model was more than an19]. Furthermore, we see a clear tendency toward conver-
order of magnitude larger than that required for the LS23yence with the number of states included in the close-
approach. With 30 continuum orbitals per angular momen<coupling expansion, indicating that accounting for additional
tum chosen to expand the projectile wave function insidechannel coupling with just a few pseudostates goes a long
the R-matrix box of radius 58,, Hamiltonian matrices of way toward a converged result.
dimensions up to 6000 had to be diagonalized for each The predictions from the various models are more similar
partial-wave symmetry with totgkarget+ projectile elec- at 20 than at 7 eV, indicating that channel coupling may lose
tronic angular momentudand paritysr. Partial waves up to  importance relative to the details of the target description.
J=13 were calculated numerically, and partial-wave conver-This indication is supported in Fig. 4 that shows substantial
gence was achieved by extrapolating fheatrices smoothly  differences between the LS23 results obtained in an all-
toward higher angular momenta. The extrapolation proceelectron calculation relative to those obtained in a model-
dure was carefully checked by replacing a different numbepotential approach for an energy of 20 eV. The position and

052719-3



K. BARTSCHAT AND Y. FANG PHYSICAL REVIEW A 62 052719

10.00 Finally, Fig. 5 gives an impression of the difficulty faced
0 by both experimentalists and theorists in the accurate deter-
a3 1.00 mination of the spin asymmetries. The figure shows the in-
% dividual cross sections (1), o(71), o(l1), anda(]])

N for an energy of 20 eV, as predicted by the BP40 model. The

w 0.10 S X " =)

(&) similarity of all four cross sections indicates the strong pos-

= sibility of cancellation errors in the asymmetries, a problem
0.01 o % o 120 10 that does not exist foo.

In conclusion, we have presented resultfohatrix with
pseudostates calculations for elastic electron scattering from
FIG. 5. BP40 results for the differential cross sectior(g 1), cesium atoms at intermediate energies, in which an accurate
a(11), o(11), ando(]]) for elastic electron scattering from ce- target description, explicitly spin-dependent forces, and elec-

angle (deg)

sium atoms at an energy of 20 eV. tron exchange were accounted for. The satisfactory agree-

the value of the minima in the differential cross section start

ment between the RMPS predictions and recent experimental
data of the Bielefeld group provides confidence in this
method to extend the calculations to inelastic and superelas-

to depend very strongly on the structure model, and the pr
dictions for spin asymmetries such Ag, reflect this sensi-
tivity. Interestingly, Fig. 4 shows almost identical results for
o9 andA,,, in the BP40 and LS28model-potentigl calcu-
lations. This similarity explains the success of the nonrela- We are indebted to Guer Baum and Igor Bray for many
tivistic CCC model for these two parameters, which can apdiscussions and for making their most recent results avail-
parently be calculated accurately with complete negligencable prior to publication. This work was supported by the

Sic collisions, particularly the —6p transition. Joined ex-
perimental and theoretical efforts in this direction are in
progress.

of relativistic effects. United States National Science Foundation.
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