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Experimental benchmark results for the differential cross section and several spin asymmetries a
presented for elastic electron scattering from Cs atoms at an energy of 3 eV. Comparison with predi
tions from several nonrelativistic, semirelativistic, and fully relativistic theoretical models emphasizes
the need for the development of a numerical approach that accounts both for relativistic effects and fo
coupling between a large number of discrete and continuum target states. [S0031-9007(99)08422-7]

PACS numbers: 34.80.Dp
,
st
ts
nt

0].

y,
to
ly

ch
or
,
et
er

tic
ed
1]
s
e
ve
ed
s

ns
st
ow
7,
o-
ate
Electron scattering from alkali atoms has received co
siderable attention over the past two decades, theoretic
as well as experimentally. In particular, spin-depende
angle-differential measurements of spin asymmetries
the light alkalis sodium [1,2] and lithium [3] provided
important benchmarks, as the data allowed for a comp
hensive test of newly developed theoretical methods. U
mately, the very good agreement between experiment a
predictions obtained from the “convergent-close-couplin
(CCC) approach [4] gave enormous confidence in the u
of this theoretical method.

For the heaviest stable alkali atom, cesium, howev
the current situation is much less clear. Experimental
angle-differential work on this target has been scarc
Outstanding in this respect are the efforts of Gehe
and Reichert [5] who measured the shape of the elas
differential cross section (DCS) from 0.8 to 20 eV in th
angular range between30± and 150±. Klewer, Beerlage,
and van der Wiel [6] measured the spin polarizatio
of initially unpolarized electrons after scattering from
unpolarized targets for energies of 13.5, 20, and 25 eV

On the theoretical side, recent work includes the no
relativistic CCC calculation of Bartschat and Bray [7]
a semirelativistic approach of Bartschat [8], and full
relativistic models of Thumm and Norcross [9] and o
Ait-Tahar, Grant, and Norrington [10]. (References t
earlier work can be found in these publications.) While th
CCC model accounted for the coupling of approximate
40 discrete and continuum target states, it did not inclu
any relativistic effects. The other methods, all base
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on the R-matrix formulation of close-coupling theory
took into account only the coupling between the lowe
five or eight discrete target states, but relativistic effec
were included either perturbatively through the domina
terms of the Breit-Pauli Hamiltonian [8] orab initio by
using a formulation based upon the Dirac equation [9,1
Only Ait-Tahar et al. [10] treated the interaction of all
56 electrons (55 in the target plus the projectile) explicitl
while the other approaches applied a model potential
simulate the effect of 54 core electrons. Although possib
less satisfactory from a fundamental point of view, su
model potentials offer the advantage of accounting f
effects like core polarization in a semiempirical way
thereby often improving upon the description of the targ
structure over an all-electron model with a limited numb
of configurations.

The problem of interest for the present paper, elas
electron scattering from cesium atoms, was analyz
25 years ago in general terms by Burke and Mitchell [1
who, like Walker [12], also performed some calculation
to illustrate the effects to be expected. Many of th
parameters introduced in their paper, however, ha
never been determined experimentally, due to the ne
of preparing spin-polarized projectile and target beam
before the collision and measuring the polarizatio
thereafter. It was not until 1995, for example, that the fir
results for the spin asymmetry functions discussed bel
were published [13], for incident electron energies of
13.5, and 20 eV. At the time, no comparison with the
retical predictions was possible, since these “intermedi
© 1999 The American Physical Society
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energies,” between approximately 2 and 5 times th
ionization threshold (3.9 eV), are very difficult to handle
numerically. In the meantime, some comparisons ha
been made with these data, but either the theoreti
method did not include relativistic effects [7] or it was
at least questionable whether a low-energy approach w
suitable for the collision energies of interest [10].

In this joint experimental and theoretical effort, there
fore, we attempt to provide a highly accurate benchma
set of experimental data and compare them with theoreti
predictions obtained from the most sophisticated curren
available models. The chosen energy of 3 eV represe
a compromise between experimental (beam control, cou
rates) and theoretical (expected validity of a low-energ
close-coupling approach) feasibilities. Consequently, th
is the first time that a comparison between experiment a
theory is possible in a region where the presently availab
relativistic close-coupling theories might be sufficientl
reliable.

Using parity conservation and time-reversal invarianc
of the interaction, Burke and Mitchell [11] found that six
complex amplitudes are needed to completely describe
collision process. They also expressed various scatter
parameters in terms of these amplitudes. In particula
the differential cross section for the scattering of spin
polarized beams is given by

s ­ s0f1 1 A1sPa ? n̂d 1 A2sPe ? n̂d

2 AnnsPa ? n̂d sPe ? n̂dg , (1)

wheres0 is the differential cross section for unpolarized
beams,Pa and Pe are vectors describing the atomic an
electron beam polarizations, respectively, andn̂ is the unit
vector of the scattering plane.

The physical meaning of the spin asymmetries d
fined above can be summarized as follows:A1 and A2
correspond to “spin up–spin down” (with respect to th
reaction plane) asymmetries in the DCS for scatterin
of unpolarized electrons from polarized atomssA1d
or polarized electrons from unpolarized atomssA2d,
while Ann represents an “antiparallel–parallel” asym
metry. In analogy to the nonrelativistic case,Ann is
FIG. 1. Schematic setup of the experiment.
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often called an “exchange asymmetry,” but we no
that not only the relative orientation of the projectil
and target spins is relevant but also their orientati
with respect to the reaction plane [11]. Furthermor
A2 is identical to the Sherman function, i.e., it als
describes the left-right asymmetry in the differenti
cross section for scattering of spin-polarized electro
from unpolarized targets. Finally, as pointed out b
Farago [14], nonvanishing values ofA1 require the
simultaneous presence of spin-orbit and exchan
effects, and hence this parameter is often called
“interference asymmetry.” Not surprisingly, attempts
measure nonzeroA1 values failed for the light sodium
target [15] but were indeed successful using the heav
cesium target at the sufficiently low energy of 7 eV [13]

Experimentally, we determine these asymmetries by o
serving event yields for different combinations of proje
tile and target spin orientations. Specifically, we produ
beam polarizations perpendicular to the reaction pla
and measure four spin-dependent differential cross s
tions relative to each other by observing the count ra
N "", N ##, N "#, andN #", where the first superscript indicate
the target and the second indicates the projectile spin w
respect to the scattering plane. From the accumula
background corrected rates we form raw asymmetries
building suitable combinations of spin-dependent settin
from Eq. (1). We then obtainA1, A2, and Ann by nor-
malizing to unity polarizations withPa, Pe, andPa ? Pe,
respectively. Unpolarized atomic beams are simulated
taking the average ofN "" andN #" for electrons with spin
“up” and of N "# and N ## for electrons with spin “down,”
respectively, and similar averages are constructed to sim
late an unpolarized electron beam.

The scheme of our experimental setup, described in
tail in Ref. [13], is shown in Fig. 1. The polarized elec
tron beam is produced by photoemission from a strain
GaAs crystal [16] using light from a GaAlAs laser diod
operating at a wavelength of 830 nm. A Pockels cell
used for generating either right or left circularly pola
ized light, leading to a transverse spin direction eith
parallel or antiparallel ton̂. Electron optical elements
1129



VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

tal
in

the
by

te
c
c
or
ter
in front of and behind the collision region ensure a prop
guiding of the electron beam with the main purpose
avoiding high background count rates. With the strain
crystal we obtain currents of0.5 mA in the scattering
region and a polarization ofPe ­ 0.65, as measured with
a retarding field Mott polarimeter. For the low-energ
measurements, the180± electrostatic monochromator with
a central radius of 2.5 cm is set to provide an energy spre
of DE ­ 150 meV in the beam.

The spin-polarized atomic beam was also described p
viously (see Ref. [17]). It is produced from a recirculatin
Cs oven, which is reloadable under vacuum after 200 ho
continuous operating time. For polarizing we use op
cal pumping with two laser diodes in single-mode oper
tion, tuned to transitions from both hyperfine levels of th
ground state. We obtain a polarization ofPa ­ 0.9, as
measured with a Stern-Gerlach magnet, at an atomic be
density of5 3 109ycm3 in the scattering center. A spin
flipper in front of the scattering chamber allows for reve
sal of the atomic beam polarization.

In the scattering chamber, the hemispherical electron
ergy analyzer is located below the plane of the two ho
zontal crossed beams and can be rotated around the ato
beam axis, from scattering angles of40± to 140±. The
analyzer has a central radius of 3.3 cm and is opera
with a resolution ofDEyE ­ 4.5% to select the elasti-
cally scattered events. The five-element electron-opti
lens system at the entrance to the analyzer defines the
cepted phase space, as determined with an electron-op
simulation program. In the course of our investigation
we noticed that we could not always reproduce the shape
the DCS measured by Gehenn and Reichert [5]. This w
traced back to the influence of background originating fro
electrons scattered by the atomic beam with a high rate i
the forward direction. We eliminated this adverse effe
by installing a collimator in the lens system, by increasin
the distance of electron-optical elements from the scatt
ing center, and by relying upon results of electron ray tra
ing to find settings with a favorable form of the accepte
phase space.

An ion detector was installed to monitor the productio
of Cs1 ions by scanning the projectile energy in th
vicinity of the threshold at 3.9 eV. Hereby, we can obser
the onset of ionization with an accuracy of60.1 eV
which we use for calibration of the energy scale.
addition, comparing the observed spin asymmetry in t
total ionization cross section with our earlier measureme
[18] gives an easy and fast cross check on the corr
spin settings, particularly on the collinearity ofPa andPe.
Furthermore, the spin settings are alternated in short ti
intervals to reduce systematic errors, and determinatio
of background rates are interspersed by shutting off
atomic beam.

Figure 2 shows our results at 3 eV incident ener
for the differential cross section (normalized to theory
90± scattering angle) and for the asymmetriesAnn, A2,
and A1, all taken with an energy resolution of 150 meV
1130
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FIG. 2. Differential cross sections0 (a), normalized to the
BP8 theory at a scattering angle of90±, and spin asymmetries
Ann (b), A2 (c), and A1 (d) for elastic electron scattering
from cesium atoms at an energy of 3 eV. The experimen
results are compared with theoretical predictions described
the text. In order to compare the shapes of the DCS with
measurements, the CCC and Dirac8 results were multiplied
0.82 and 1.12, respectively.

and angular resolution of8.5± (FWHM). We compare
the data with predictions from a semirelativistic 8-sta
Breit-Pauli R-matrix approach (BP8), a relativistic Dira
8-state R-matrix model (Dirac8), and a nonrelativisti
CCC calculation. To illustrate the effect of finite detect
openings, the Breit-Pauli results are also shown af
convolution with the experimental angular resolution.
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For the DCS (Fig. 2a), very satisfactory agreement
seen among the experimental and theoretical results
the shape as a function of the scattering angle, exc
for some deviations exhibited in the Dirac results whic
predict the first minimum at smaller scattering angles an
not as deep as the other models. In order to compare
shapes, the experimental results were normalized to
BP8 theory atu ­ 90±, and the CCC and Dirac8 results
were multiplied by 0.82 and 1.12, respectively. Thes
findings are consistent with several important, thoug
preliminary, conclusions, namely: (i) Relativistic effect
have only a small influence on the theoretical DCS resul
(ii) at least for the relative DCS, the BP8 calculation seem
to have converged sufficiently with respect to the numb
of states included; (iii) the differences between the BP
and Dirac8 results are probably due mostly to the absen
of core polarization in the latter [10].

These conclusions are further supported by investig
ing the results for the spin asymmetryAnn (Fig. 2b), for
which experiment and theory agree quite nicely in the a
gular range fromu ­ 55± to 125±. Again, CCC and BP8
agree very well with each other, while the Dirac resul
exhibit small but significant deviations from the othe
theoretical predictions and also from experiment. Near t
forward su ø 55±d and the backwardsu ø 130±d cross
section minima, the theories predict pronounced structu
with asymmetry values up to11 at about55±. The ex-
perimental data, however, do not reflect this behavior b
instead show a tendency towards diminishing asymm
tries for small and large scattering angles. Although a
counting for the experimental angular resolution reduc
the asymmetry predicted by the BP8 model considerab
the effect of the convolution is not sufficient to state sa
isfactory agreement between theory and experiment. O
might speculate that minute contaminations in the bea
reduce the measured asymmetry, particularly visible ne
cross section minima. Through careful checks of the e
perimental procedure, we can exclude a detectable
fluence of dimerssCs2d in the beam on the measured
asymmetry.

Our data for the spin asymmetriesA2 (Fig. 2c) andA1
(Fig. 2d) are compared only with the two relativistic pre
dictions, since the nonrelativistic result is exactly zero
Nearly perfect agreement exists between experiment a
the Breit-Pauli results forA2; only the data points for the
two largest angles lie significantly below the prediction
The results of the Dirac treatment, however, deviate co
siderably from the Breit-Pauli curve and thus disagree wi
experiment, especially in the angular ranges from30± to
50± and from100± to 130±.

As one might expect, the spin asymmetryA1 is the
most sensitive parameter with respect to the details of t
theoretical model, as it is small to begin with and is affecte
by both exchange and relativistic effects. Here the tw
theoretical treatments predict distinctly different result
Both show a sharp peak of the asymmetry in the forwa
direction, but of considerably different size and location
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and structure in the backward scattering region, althou
with opposing angular dependence and even different sig
of the asymmetry. The measurements show reasona
agreement with the predictions in the limited angular rang
from 60± to 105±, but deviate below and above this range
Note that in this case the experimental data near t
forward direction lie significantly above the convoluted
BP8 predictions. Since (i) convergence in one observab
doesnot necessarily imply convergence in another and (i
convergence may be more difficult to achieve in such
sensitive parameter, one might expect that a CCC-ty
treatment of this collision, even at such low energies, w
improve the agreement between theory and experiment
the spin asymmetryA1.

In conclusion, using highly polarized beams of electron
and cesium atoms, we have obtained statistically prec
data for several spin asymmetries in low-energye-Cs scat-
tering, with absolute uncertaintiesdA , 60.005 for most
angles in the angular range from40± to 140±. The present
data at 3 eV are expected to provide a set of benchma
needed for further theoretical developments, particular
with respect to a relativistic CCC-type approach. Furthe
work on this system will include measurements at high
energies (up to 10 eV), where the coupling to the targ
continuum states should become more important in the
retical treatments, and the extension to inelastic and s
perelastic collisions involving the6s $ 6p transition.
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