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Near-threshold structures in electron-collision-induced alignment of core-excited atomic states

A. N. Grum-Grzhimailo
Institute of Nuclear Physics, Moscow State University, Moscow 119899, Russia

K. Bartschat
Department of Physics and Astronomy, Drake University, Des Moines, Iowa 50311

B. Feuerstein and W. Mehlhorn
Fakultät für Physik, Universita¨t Freiburg, D-79104 Freiburg, Germany

~Received 14 January 1999!

Structures, likely due to negative-ion resonances, are predicted in the electron-impact-induced alignment of
the Na* (2p53s2)2P3/2 autoionizing state near the excitation threshold. The predictions are supported by mea-
surements of the alignment via the anisotropic emission of the autoionization electrons in the impact energy
range from threshold to 80 eV. OurR-matrix ~close-coupling! calculations successfully reproduce the broad-
scale energy dependence of the alignment that, above the resonance region, is found to be similar to that for the
valence-excited (2p53s)1P1 state in Ne.@S1050-2947~99!51109-8#

PACS number~s!: 32.80.Fb, 32.80.Hd
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Electron-atom collisions between unpolarized bea
without detection of the reaction products lead to exci
atomic states aligned with respect to the incident elect
beam direction. Studies of the collision-induced alignm
yield information on the relative excitation cross sections
the magnetic sublevels that is not available from meas
ments of the total cross sections. The alignment caus
linear polarization of the light emitted in the radiative dec
of the excited states. This fluorescence polarization has b
of long-term interest for both experiment and theory~see, for
example,@1–3#, and references therein! and is the major
source of information about the collision-induced alignme
in noncoincidence experiments. Except for a narrow ene
window near the excitation threshold, however, the fluor
cence polarization can be strongly influenced by second
excitation processes, such as cascading, which may con
ute substantially already at low impact energies and o
become more important as the energy is increased. This
fect reduces the benefits of the method to study the di
excitation process and hampers considerably a compar
between calculations of the collision-induced alignment a
the experimental results.

In contrast to the frequently studied optical transitions~for
recent work, see@4–6#!, much less attention has been d
voted to the collision-induced alignment of core-excit
states that decay nonradiatively via the Coulomb interac
by ejection of an autoionizing electron~see, for example
Matterstocket al. @7#!. In this case, the angular distributio
of the electron emission contains information on the alig
ment of the decaying state. A major advantage associ
with the fast nonradiative decay is the lack of second
excitation processes contributing to the population of the
caying state. Hence, a direct comparison between theore
and experimental values of the alignment is possible at
sentially arbitrary incident energies. Also, a reduction in
measured alignment due to hyperfine coupling with
nuclear spin, which is of primary importance for the fluore
cence depolarization@8#, does not have to be considered
PRA 601050-2947/99/60~3!/1751~4!/$15.00
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excitation autoionization, since the decay time of the a
toionizing state is generally much shorter than the preces
period due to hyperfine coupling.

For studies of the collision-induced alignment of cor
excited states, it is favorable to choose transitions with n
ligible contribution from direct ionization. In such cases, t
two-step excitation-autoionization model provides a va
description and the complexity due to Fano interferen
@9,10# can be avoided. Another requirement for a straightf
ward interpretation of the results is a one-to-one corresp
dence between the angular distribution of the electron em
sion and the alignment of the autoionizing state. This
accomplished for nonradiative decay via a single chan
which makes it possible to extract the collision-induc
alignment irrespective of the dynamics associated with
autoionization decay. Excitation of the outermostnp6 filled
subshell in alkali-metal atoms provides a possibility for c
rying out such studies; the direct ionization of the valen
(n11)s electron is negligible in comparison with the res
nance ionization vianp5(n11)sn8l 8 autoionizing states
that decay to the ionic ground state (np6)1S0.

In this work, we investigate theoretically and experime
tally the alignment of the Na(2p53s2)2P3/2 autoionizing
state excited by electrons with energies between thres
~30.77 eV! and 80 eV. Previous investigations found maj
disagreement between the experimental results for the a
ment of the autoionizing state@11# and theoretical predic-
tions based upon first-order plane-wave and distorted-w
methods @12,13#. Consequently, we apply anR-matrix
~close-coupling! approach to calculate the collision-induce
alignment of a core-excited state and apply it to the ab
transition. Using such a coupled-channel method allows
the detailed investigation of core-excited negative-ion re
nances that appear in the near-threshold region.

Details of the theory and the experiment have been p
lished elsewhere@14#. Briefly, the angular anisotropy of th
autoionizing electrons from the2P3/2 state as function of the
incident electron energyE is given by@15#
R1751 ©1999 The American Physical Society
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I 3/2~E,q!5 Ī 3/2~E!@11b~E!P2~cosq!#, ~1!

where b(E)5A20(E)a2 is the anisotropy coefficient
A20(E) anda2 are the alignment and the decay paramete
the 2P3/2 state, respectively, and the ejection angleq is de-
fined relative to the incident electron beam direction. T
isotropic partĪ 3/2(E) is proportional to the integral excitatio
cross section of the2P3/2 state, anda2521 for the nonra-
diative decay2P3/2˜

1S01e2(p3/2) @15#.
Based upon the BelfastR-matrix codes@16#, we per-

formed 26-state close-coupling calculations for the transit
matrix elements within theLS-coupling approximation.
States with the following configurations were included in t
close-coupling expansion: (2p63s), (2p64s), (2p65s),
(2p63p), (2p64p), (2p63d) (2p53s2), (2p53s3p), and
(2p53s4s), together with selected terms of (2p53s3d) and
(2p53p2). The T-matrix elements for the transitio
(2p63s)2S˜(2p53s2)2P were then combined to obtain th
alignment of the total angular momentumJ of the autoioniz-
ing state as~for atoms with zero orbital momentum in th
ground state!

A20~J,E!5~21!J1SĴL̂2H L L 2

J J SJ
3F (

l 0l 1St

Ŝt
2 l̂ 0

2UTl 0l 1

St ~E!U2G21

3 (
l 0l 08 l 1St

~21! l 1Ŝt
2 l̂ 0

2 l̂ 08
2~ l 00,l 080u20!

3H L L 2

l 0 l 08 l 1
J Tl 0l 1

St ~E!T
l
08 l 1

St* ~E!. ~2!

HereL andS are the orbital angular momentum and spin
the autoionizing state,l 0 and l 1 are the orbital angular mo
menta of the incident and scattered electrons, respectivelSt

is the total spin of the scattering channel, andTl 0l 1

St (E) is the

correspondingT-matrix element.~In our case, the channe
angular momentumLt and parity are uniquely defined byl 0,
and the triangular ruleu l 02 l 1u<L< l 01 l 1 must also be sat
isfied in the denominator.! Furthermore, we abbreviatedâ
[A2a11 and used standard notations for the Clebs
Gordan coefficient and the Wigner 6j symbol. For the
present case of interest (L51, S51/2,J53/2), Eq. ~2! is
equivalent to A20(J53/2,E)5(s3/22s1/2)/(s3/21s1/2),
wheresM is the angle-integrated excitation cross section
the sublevel with magnetic quantum numberM. With Lt
<12 and 35 continuum orbitals for each partial wave of
scattered electron, we extended theR-matrix calculations up
to an incident electron energy of 80 eV. Two sets of tar
orbitals were used to investigate the sensitivity of the res
to the atomic model. The first set consisted of the Cleme
type orbitals given by Msezane and Awuah@17#, which we
used before in the cross section studies for the transitio
interest@18#. The second, purely numerical set, was obtain
by a multiconfiguration Hartree-Fock calculation.

The alignment parameterA20 of the Na* (2p53s2)2P3/2
autoionizing state was measured via the anisotropic inten
f
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I 3/2(q) of the autoionization electrons according to Eq.~1!.
In order to eliminate experimental anisotropies we norm
ized the angle-dependent intensitiesI 3/2(q) to the intensities
I 1/2(q) of the isotropic decay of the2P1/2 state. The fine-
structure splitting~0.17 eV! was fully resolved by the appa
ratus function @40 meV full width at half maximum
~FWHM!#. The apparatus used in the present investigat
was described in previous publications@19,18#. For emission
anglesq<90°, the intensitiesI (q) were measured by rotat
ing the electron gun, whereas a localized magnetic-fi
method @20# was applied for larger angles. Although th
natural width of the autoionization lines is only 3.6 me
@21# we were able to observe an asymmetry of the line sh
due to postcollision interaction@22# at incident electron en-
ergies very close to threshold. On the other hand, no effec
Fano interference@9# on the line shape was found even at t
lowest energies. From the analysis of the line shapes at t
energies we obtained a lower limit for the Fano parame
uqu.20. For each impact energyE, the ratio R(q)
5I 3/2(q)/I 1/2(q) was determined for at least three anglesq.
The alignment parameterA20(E) was then obtained by fit-
ting an angular distribution according to Eq.~1! to the data
for R(q).

Figure 1 shows our experimental and theoretical res
for the alignment of the (2p53s2)2P3/2 state of Na at incident
energies from threshold to 80 eV~extended to 100 eV in the
experiment!, i.e., over the energy range in which previo
experimental results@11# and calculations@12,13# were in
severe disagreement. In this figure, the theoretical cur
were convoluted with the experimental energy width~0.75
eV FWHM! of the incident electron beam. Our calculatio
and measurements are in good overall agreement, altho
the results are sensitive to the details of the target model.
note that the calculated alignment for energies between
eV and 48 eV is~minorly! disturbed by pseudoresonance
Those arise from the fact that only 26 atomic states w

FIG. 1. Alignment of the Na (2p53s2)2P3/2 autoionizing state.
The solid and short-dashed lines show theR-matrix predictions with
the Hartree-Fock and Clementi-type electron orbitals, respectiv
convoluted with the energy width of the incident beam. The ot
lines represent previous calculations in the plane-wave
distorted-wave Born approximations~PWBA and DWBA! by
Theodosiou@12# ~dash-dot-dot! and Pangantiwar and Srivastav
@13# ~dash-dot, PWBA; dashed, DWBA!. The circles represent the
present measurements and the stars represent those of DuBoiset al.
@11#.
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included in the close-coupling expansion, while the sta
themselves were expanded in a more extensive basis se

Figure 2 displays the near-threshold region where
measured and calculated energy dependence of the align
indicates the presence of negative-ion resonances, which
be seen very clearly in the calculated curves without con
lution. Such resonances in the angle-integrated cross se
have been observed and discussed in Ref.@18#. As men-
tioned above, however, negative-ion resonances in the a
ment of core-excited states have not been studied befor
striking contrast to the extensive work on resonances in fl
rescence polarization.

Despite the overall satisfactory agreement with ea
other, the experimental and theoretical results in the re
nance region deviate regarding the detailed energy de
dence. Searching for an explanation, we checked for a
sible influence of the intra-atomic fine-structure interactio
Due to this interaction, negative-ion resonances can be d
larized before the decay, which, in turn, may affect the alig
ment of the autoionizing state as a product of the resona
decay. We performed a semirelativistic Breit-PauliR-matrix
calculation with a more restricted basis of atomic states
found that including the spin-orbit interaction produced on
very small changes in the alignment. Even in light of t
sensitivity found for the calculated alignment in the ne
threshold resonance region, however, the reliability of
present predictions for an autoionizing state is certainly co
parable to that obtained for excitation of discrete states@6#.

Neither the convoluted curves nor the experimental d
in Fig. 2 show the theoretical threshold limit ofA20521.
@This limit follows from Eq. ~2! if only the lowest partial
wave of the scattered electron is taken into account.# This
deviation of observed results from theoretical threshold v
ues is a general feature for situations where the alignm
changes rapidly near the excitation threshold, because
energy distribution of the incident electron beam~and thus
the convolution integral! averages over the region of sha
variations in the alignment.

Finally, both experiment and theory exhibit a reduction
the absolute value of the alignment as the incident elec
energy is decreased from 80 eV, with a minimum of alm
zero around 35 eV incident energy~cf. Fig. 1!. The plane-
wave and distorted-wave Born predictions@12,13# yield

FIG. 2. Same as Fig. 1 in the near-threshold region. The thin
thick lines correspond to theR-matrix predictions before and afte
convolution with the energy width of the electron beam.
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good agreement with experiment at energies above 100
but deviate considerably from experiment at lower energ
This points to channel coupling as the reason for the m
mum. Similar features in the fluorescence polarization h
been observed for many transitions, but the depolarizatio
the optically decaying state due to cascade population
vents a rigid explanation of such a behavior in optical m
surements.

Consequently, it seemed worthwhile to compare the ali
ment in the orbital angular momentum,A20(L), for the au-
toionizing (2p53s2)2P state in sodium and the (2p53s)1P
discrete state in neon, since these states only differ by ons
electron. For the2P state of Na, the orbital angular momen
tum A20(L51) is related toA20(J53/2) of the 2P3/2 state
by A20(L51)5A2A20(J53/2). To find the alignment for
neon we utilize the fluorescence polarization data of Ha
mond et al. @23#. Figure 3 shows the comparison of th
alignments as a function of the incident energy~in threshold
units! above the region of negative-ion resonances. Since
photons in neon are emitted by theLSJ-coupled state
(2p53s)1P1, the alignment of the orbital angular momentu
A20(L) is related to the fluorescence polarizationP by
A20(L)52A2P/(P23). Note, however, that systematic e
rors can be caused by contributions from unpolarized
emission lines@23#. In any case, Fig. 3 indicates a strikin
similarity between the alignment for the two states, desp
the cascade effects that are known to influence the meas
alignment in neon.

To summarize, we have carried out a combined theor
cal and experimental study of the electron-collision-induc
alignment of the core-excited (2p53s2)2P3/2 state in sodium.
R-matrix calculations for the alignment of a core-excit
state removed a previously existing severe discrepancy
tween theory and measurements at incident energies b
80 eV. Near-threshold negative-ion resonances in the al
ment were predicted theoretically. Although experimen
evidence supports the existence of such structures, e
more detailed investigations seem necessary before final
clusions can be drawn. Finally, the alignment of the co
excited nonradiatively decaying state exhibits features ty
cal for valence-electron excited states that decay radiativ

d FIG. 3. Orbital angular momentum alignment of the autoion
ing (2p53s2)2P3/2 state in Na~circles, present data; stars, data
Ref. @11#! and the (2p53s)1P1 state of Ne~squares!, as evaluated
from the linear polarization measurements given in Ref.@23#.
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