VOLUME 68, NUMBER 22

PHYSICAL REVIEW LETTERS

1 JUNE 1992

Electron Capture in He2* Collisions with Aligned Na* (3p) Atoms

F. Aumayr, M. Gieler, J. Schweinzer,® and H. Winter
Institut fiir Allgemeine Physik, Technische Universitat Wien, Wiedner Hauptstrasse 8-10, A-1040 Wien, Austria

J. P. Hansen

Fysisk Institutt, Allegaten 55, N-5000 Bergen, Norway
(Received 10 January 1992)

State-selective single-electron capture in slow (0.5-3 keV/amu) collisions of He

2* with laser-excited

Na*(3p) atoms has been studied experimentally by means of translational energy spectroscopy, and
theoretically by 38-state atomic orbital (AO) close-coupling calculations. The initial orbital alignment
of the Na*(3p) state has been controlled via polarization of the exciting laser light. Electron capture
into the dominant He * (n=4) state is strongly favored for linear light polarization perpendicular to the
He?* beam. The impact energy dependence of the observed alignment behavior can be quantitatively

explained by the AO calculations.
PACS numbers: 34.70.+e¢, 34.50.Rk, 82.30.Fi

Optical pumping with linearly polarized laser light per-
mits preparation of excited atoms with well-defined align-
ment of their magnetic substates (i.e., with an anisotropic
charge distribution) as target particles for inelastic col-
lision studies. As compared to spherically symmetric
ground-state target atoms, orbital-alignment-dependent
collisions can provide additional insight into dynamical
processes [1-5].

Recently, Dowek and co-workers have performed
collision-spectroscopical studies for aligned as well as
oriented Na* (3p) atoms colliding with protons at impact
energies between 0.5 and 2 keV [6-10]. Initial-orbital-
alignment-dependent effects could be demonstrated [6,8]
in agreement with theoretical predictions [11-13].

In this paper we report the first experimental and
theoretical studies on the initial-orbital-alignment dep-
endences of doubly charged ions colliding with laser-
prepared target atoms. State-selective single-electron
capture (SEC) in collisions of He?* ions with laser-
excited Na*(3p) atoms has been investigated in the im-
pact energy range of 0.5-3 keV/amu, and a pronounced
polarization dependence of charge transfer into different
final He*(n) states has been found. The measurements
have been carried out by means of translational energy
spectroscopy, with a setup described in detail in [14,15].
“He* ions produced in a Nier-type ion source were ac-
celerated to 2-12 keV, mass selected by an analyzing
magnet, and crossed under 90° with a highly collimated
effusive Na beam (for a detailed description see [16]).
Charge-exchanged He* ions have been separated from
the primary ions by a deceleration lens, and the related
translational energy spectra (TES) measured by means of
a hemispherical energy analyzer, to determine the in-
volved principal reaction channels.

The TES presented in Figs. 1(a)-1(c) have been mea-
sured with an angular acceptance for the He™ ions of
+0.15°. Typically 10% of the Na atoms in the target
beam could be prepared in the excited Na 3p 2P3/, F=3
state by pumping with resonant dye laser light (NaD,
589 nm) [17]. The chopped laser beam crossed both the
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target atom and the ion beam under 90°. Its linear po-
larization could be rotated within the target-beam-ion-
beam plane, permitting spectra to be recorded with laser
light polarization directed parallel () or perpendicu-
lar (L) to the primary ion-beam direction [16]. Using
this setup for investigating electron capture in He?*-
Na(3s)/Na*(3p) collisions, we observed a dramatic
difference in He* final-state population due to electron
capture from excited Na*(3p) as compared to the
Na(3s) ground state [17]. With polarization fixed per-
pendicular to the ion beam, electron capture from
Na*(3p) into He*(n=4) and Het(n=5) states was
strongly enhanced, whereas capture into He*(n=3),
which is the dominant final state for collisions with
Na(3s), decreased significantly. Furthermore, TES for
“laser on L,” “laser on I, and “laser off” have been
studied simultaneously by frequently (i.e., in time inter-
vals of 5 s) switching between the three modes, thus
averaging over long term ion- and target-beam fluctua-
tions.

Determining the fraction f* as described in [17],
“pure” Na(3pL)- and Na(3pl)-related TES (S*) could
be obtained by appropriate scaling and comparison of the
laser on (S,,) and laser off (Sor) TES signals:

S*=/f*NSen— U —f*)Serl.

Results for 3 keV/amu impact energy are presented in
Figs. 1(a)-1(c).

Figure 1(a) shows TES for collisions with ground-state
Na(3s) atoms and illustrates the dominance of capture
into the He * (n=3) state. Figures 1(b) and 1(c) display
TES for capture from excited Na(3p) atoms with light
polarization parallel (b) and perpendicular (c) to the
ion-beam direction, respectively. Although capture into
He*(n=4) and He*(n=5) states is also strongly
enhanced for Na*(3pll) as compared to Na(3s), a more
detailed analysis of the TES in Figs. 1(b) and 1(c) shows
that the probability for capture into He¥(n=4) de-
creases if the laser polarization is rotated from perpendic-
ular to parallel to the ion-beam direction, while the oppo-
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FIG. 1. Translational energy spectra for impact of 3
keV/amu *He?* on (a) Na(3s), (b) Na*(3p) with laser light
polarization parallel, and (c) perpendicular to the He?t beam
direction vs the reaction energy defect AE. The different final
He*(n) states for capture from Na(3s) and Na* (3p), respec-
tively, have been indicated by vertical dashed lines.
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site was found for capture into both He*(n=5) and
He* (n=3) final states. The scattering angle involved in
SEC reactions has been estimated by calculations for
elastic Coulomb scattering of He™ on Na™, at impact
parameters leading to the most efficient population of the
considered He™ final states. Impact parameters related
to efficient population of final states were derived from
AO (atomic orbital) close-coupling calculations as de-
scribed below. A comparison of the such derived scatter-
ing angles for SEC with the angular acceptance of our
TES shows that the latter was sufficiently large to collect
all projectiles populating Het(n=3,4) final states.
Therefore, the peak areas of TES shown in Figs.
1(a)-1(c) could be evaluated in terms of the (relative)
cross sections o03,(n=3,4), 03,.(n=3,4), and o3, (n
=3.4). These relative cross sections have been converted
to absolute scale by normalization to cross sections for
electron capture into He*(n=3) in He?*-Na(3s) col-
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lisions [15,18].

In addition to these experiments we also performed
close-coupling calculations with expansion of the time-
dependent wave function of the active electron into trav-
eling atomic orbitals [19]. Our basis included He ™ (n
=2,3,4) final projectile states as well as Na(n=3) states
[an extension of this basis set to include also He " (n=5)
states is in progressl. Radial wave functions and the
effective potential modeling the interaction of the active
electron with the Na core have been taken from [20].

For comparing the experimental and calculated results,
suitable relations between measured and calculated quan-
tities have to be established. Linearly polarized laser
light, which saturates the Na(3s2S,,F=2-3p 2Py,
F=3) transition, excites an incoherent mixture of orthog-
onal 3p; (i =x,y,z) orbitals with relative magnitudes (for
ideal pumping) of 2:2:5, the largest component being in
the direction of the polarization vector [21]. On the other
hand, theoretical results correspond to the preparation of
pure 3pZ, 3pM*, and 3pI1~ atomic orbitals, where £ and
IT label the molecular symmetry of the entrance channel
in the R — oo asymptotic limit. The +/— signs refer to
the symmetry of orbitals with respect to reflection in the
collision plane [6]. Since in our measurements the col-
lision plane has not been defined, the cross sections for
capture from I1* and T~ target states have to be aver-
aged, leading to the cross section o3pn [7]. The measured
and calculated cross sections are thus interrelated by [6]

03,,”(") = % 03pz(n)+ % O'},,n(n) s
O’},,J_(fl) =%O’3,,z(n)+ %03,,n(n).

Experimental results can therefore be unfolded in
terms of o3,5(n) and o3,n(n) cross sections. A compar-
ison of experimental and calculated results for 03,,;_(;1
=4) and o3pn(n=4) is given in Fig. 2 and shows excel-
lent agreement. The difference in behavior of £ and Il
orbitals is usually described by defining an alignment pa-
rameter A(n) with —1 < A(n) <1 [6]:

0'3,,);(11) - O'3,,n(n)

A(") m,,;_(n)-i-o;,,n(n) ’

The resulting impact energy dependence of this anisot-
ropy parameter has been compared in Fig. 3 for our ex-
perimental and calculated results. Apart from the lowest
impact energy, capture into He * (n=4) from 3pIl states
is almost 3 times more probable than capture from 3pX
states. This situation is different for capture into He* (n
=3) and He*(n=5) (the latter has not been shown in
Fig. 3, because it has not yet been included in the AO
basis). Our theoretical curves agree well with the experi-
mental results. In particular, the energy dependence of
A(4) is fully reproduced. Systematic calculations have
been performed with three AO basis sets of different size
[AO39: Na(n=3), He*(n=1,2,3,4); AO20: Na(3s,3p),
He*(n=4); AO13: Na(3s,3p), He*(n=3)]. For cap-
ture into He ¥ (n=4) the inclusion of other He * principal
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FIG. 2. Absolute experimental and theoretical single-

electron capture cross sections in collisions of *He?* with
Na*(3pz) and Na*(3pM) into He*(n=4) final states vs ion
impact energy. Comparison is made between experimental data
(symbols) which have been evaluated from TES with laser light
polarized parallel and perpendicular to the ion-beam direction,
respectively, and results of the AO calculations (lines).

shells into the basis does not change results for the popu-
lation of He* (n=4) and especially the 4(4) impact en-
ergy dependence, as already seen with the AO20 basis.
Therefore, direct electron transfer can be regarded
as the predominant mechanism for population of final
He*(n=4) states. In Fig. 4 we present impact parameter
dependences of the probability P(b) calculated for cap-
ture into all He*(n=4) final states from Na*(3pX),
Na*(3pni*), and Na*(3pIl7), respectively (AO39
basis; 1 keV/amu impact energy). Electron transfer from
Na*(3p) to He*(n=4) final states becomes more and
more likely with increasing internuclear distance because
of the decreasing energy splitting between corresponding
diabatic potential-energy curves, as long as the coupling
remains sufficiently strong. Therefore, the different
geometrical shapes of the 3pZ and 3pIT* charge clouds
with respect to the projectile trajectory determine in a
simple manner the capture probability in collisions involv-
ing b= 15a¢. In other words, at larger impact parame-
ters b (cf. Fig. 4) capture from 3pIl* can proceed more
efficiently than capture from 3pX, because of the en-
hanced coupling strength resulting from an increased
overlap between the initial target and final projectile
states for 3pM™*. This dramatic effect is partially re-
duced, however, by a comparably low capture probability
from 3pIT~ (i.e., a p orbital extending out of the collision
plane), which has to be averaged with the 3pI™ related
data to correspond to the experimentally prepared 3pIl
state (see above). For capture into He * (n=3), our sim-
ple picture does not hold, since our calculations show that
electron transfer takes place at considerably smaller in-
ternuclear distances than 15a¢. There, initially dif-
ferently aligned charge clouds lead to different overlap
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FIG. 3. The Z-M anisotropy parameter A(n) for He*(n
=3,4) final states plotted vs incident *He?* energy. Experi-
mental data (symbols) are compared with the results of our AQ
calculations (lines).

and potential coupling elements which have a complex
effect on the resulting capture probability in our AO cal-
culations. Moreover, interaction with other final He * (n)
states is more pronounced for this weak capture channel
(AO13 compared with AO39 basis).

In conclusion, a strong effect of the initial target atom
alignment for electron capture in collisions of 0.5-3-
keV/amu He?* ions with laser-excited Na*(3p) atoms
has been found. The experimental results can be satisfac-
torily reproduced in the framework of atomic orbital ex-
pansion close-coupling calculations. A simple interpreta-
tion in terms of capture probability in direct relation to
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FIG. 4. Calculated impact parameter dependence of the
probabilities P(b) for capture into all He*(n=4) final states
from Na(3pX), Na(3pn*), and Na(3pI~), respectively
(*He?* impact energy 1 keV/amu).
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the charge cloud density of the initial state along the tra-
jectory explains the alignment parameter 4(4) very well.
However, this geometrical picture cannot be generally ap-
plied to other collision systems; cf. the results of Dowek et
al. [6] for the dominant H(n=2) capture channel in
H*-Na*(3pZ,3pIl) collisions. The complex influence of
the shape of the charge cloud on electron capture might
be understood in more detail, when following the electron
charge cloud development along the collisional trajectory
[8]. Corresponding studies are in progress.
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