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We have measured and calculated state-resolved angular distributions of one- and two-electron-
capture processes in 0.5-20 eV/u Ar**-Ar collisions. The experimental energy-gain spectra show
single-electron capture to six unresolved 4p LS terms, while no trace of a 4s population was found
for laboratory collision energies below 200 eV. Semiclassical trajectory calculations, using a seven-
channel Landau-Zener model for the probability flux on the multivalued deflection functions, show
that the oscillations in the experimental 4p angular differential cross section are due to multiple
rainbow scattering and that interference effects play a limited role. Experimental and calculated 4p
angular distributions compare nicely over the whole energy range. For energies above 150 eV, true
double-capture and transfer ionization with angular distributions consistent with a two-step
electron-transfer process appear within the +9° experimental acceptance.

I. INTRODUCTION

One of the main goals of the recent activity in the field
of slow collisions between highly charged ions and neu-
tral atoms is to identify dominant charge-transfer mecha-
nisms. Several experimental methods are used for this
purpose. Measurements of total charge-exchange cross
sections usually provide only information through model
comparisons,! while post-collisional energy-gain mea-
surements directly reveal the distribution of final projec-
tile capture states.? The more intensity demanding
methods of electron-emission’® and photon-emission*
spectroscopy yield the same distributions, more indirectly
but with higher resolution. Experimental state-selective
projectile angular distributions are the most powerful
means to study the finer details of electron-transfer mech-
anisms.>® In particular, it may be possible to decide
when a full quantum-mechanical calculation is necessary’
and when a semiclassical one is sufficient. The sensitivity
of angular differential cross sections to the shapes of ac-
tive potential curves, and the probabilities for transitions
between them, increase with decreasing velocity. There-
fore experiments at low and very-low collision energies
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are called for. Recently, a new technique for studies of
state-resolved angular distributions in very-slow col-
lisions was introduced,®® and the first data on single-
electron capture in Ar**-Ar collisions at laboratory ener-
gies down to 19 eV (0.48 eV/u) were presented.®!° In or-
der to fulfill the claim that the experimental results may
give decisive guidance for theoretical efforts, we present
multichannel Landau-Zener calculations for the same an-
gular distributions. We further extend the measurements
and the calculations to two-electron processes, with the
ambition of determining the relative importance of one-
and two-step electron transfer.

Very slow collisions between highly charged ions and
atoms have been studied by means of ion trap!! or
merged-beam'? techniques. By both methods it is, how-
ever, difficult to extract information on the kinematics of
the collision, and these kinds of experiments are limited
to the study of total charge-exchange cross sections. In
the present experiment, we use a beam of very low labo-
ratory energy for simultaneous measurements of the
post-collisional projectile energy and angle. With the ad-
ditional knowledge of the incident-beam energy, the
heavy-particle kinematics may be determined unambigu-
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ously and projectile capture-state-resolved angular distri-
butions can be inferred. Earlier investigations on state-
selective angular distributions have mostly been per-
formed at substantially higher energies'>'* or on collision
systems for which the capture states are known from
complementary energy-gain experiments.!>'®  The
Ar*T-Ar system has been studied by means of the
energy-gain technique by Giese et al.,!” Puerta et al.,!®
Koslowski and Huber,'” and Hvelplund and Cederquist?
at energies of 2180, 800, 800, and down to 160 eV, respec-
tively.

In a very slow collision, the inelasticity Q of the
charge-transfer process is of the same order of magnitude
as the incident center-of-mass kinetic energy. Electronic
and nuclear motion can be separated due to the velocity
difference and the quasimolecular framework is appropri-
ate for describing electron transfer both in slow and very
slow collisions. A close interplay between experiment
and theory has led to the development of several success-
ful models for absolute charge-exchange cross sections
and distributions on final capture states. The basic idea
of electron transfer at the internuclear distance where the
Stark-shifted binding energy of the least bound target
electron reaches the top of the internuclear potential bar-
rier has been applied to consecutive one-electron
transfers in the static extended classical over-barrier mod-
el.2"22 In this model, estimates of ranges for inelasticities
and projectile scattering angles for one-, two-, and
multiple-electron transfer processes can be deduced by
assuming quasicontinua of capture states.?>** The dy-
namic Landau-Zener model?® gives velocity and impact-
parameter-dependent transition probabilities at avoided
crossings of adiabatic potential curves, provided that the
magnitudes of the energy splittings are known. In this
model, electron transfer is strongly localized to regions of
avoided crossings and the motion of the nuclei follow
classical trajectories, governed by the interatomic
potential-energy diagram. Thus the Landau-Zener model
is well suited for comparative calculations of state-
specific angular distributions if the atomic (ionic) energy-
level diagrams are known and if few quasimolecular po-
tentials are active. Olson and Salop?® derived a
semiempirical formula for the single-capture quasimolec-
ular adiabatic energy splitting from ab initio calculations
of matrix elements for bare-nuclei atomic-hydrogen sys-
tems. Taulbjerg?’ modified this expression for the case of
partially stripped projectiles. A further modification,
which takes the angular momentum and spin-selection
rules of open-shell projectiles and targets into account, is
presented in this paper.

The present semiclassical multichannel Landau-Zener
calculations assume seven open single-capture channels
and one double-capture channel assigned to the experi-
mentally determined average Q value for two-electron
processes. The model angular differential cross sections
compare very nicely with the experimental ones. This
comparison shows that the prominent structures in the
experimental angular distributions are due to multiple
rainbow scattering and not due to Stueckelberg oscilla-
tions. The interatomic potentials of the outgoing chan-
nels are of the Coulomb type. In the incident channel
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and the exiting single-capture channels, a polarization en-
ergy term is added. A universal one-parameter polariza-
tion damping function reduces the attraction of the in-
cident and single-capture potentials at small internuclear
distances (R). The parameter A is set to a unique value
by requiring that the forward peaks of the calculated
single-capture angular distributions agree with the mea-
sured ones over the entire 19-800-eV laboratory energy
range.

The dominant two-electron processes are, in general,
true double capture and transfer ionization. In the form-
er, two electrons are transferred between the target and a
nonautoionizing projectile state, while the latter process
involves emission of one electron. From the measured
Doppler shifts of unperturbed atomic emission lines, it is
clear that transfer ionization, in slow collisions, proceeds
as capture to a doubly excited projectile state that au-
toionizes at large internuclear separation.?® The relative
importance of one and two-step processes for population
of such intermediate states is currently under discus-
sion.? 73! In the one-step process, electron capture is de-
picted as taking place at a single well-localized avoided
crossing of adiabatic potential curves. This kind of tran-
sition may, in principle, be due to the correlation (repul-
sion) between the two captured electrons.?” In the two-
step process the transfer is described as two consecutive
one-electron transitions taking place at avoided crossings
that are well separated. With the aid of post-collisional
projectile angular distributions, it is possible to distin-
guish between the two mechanisms since the latter usual-
ly leads to larger deflection angles. A large number of ex-
periments have shown domination of the two-step pro-
cess for collision systems with a high density of final cap-
ture states.'>!* Here, we demonstrate the importance of
two-step capture in 150-800-eV Ar**-Ar true double-
capture and transfer-ionization processes.

In Sec. II we give a detailed account of the part of the
experimental technique that concerns post-collisional en-
ergy and angular analysis, including the performance of a
new 64° cylindrical energy analyzer of ~40 mm radius.
The production of the well-collimated, very-slow beam
with a narrow energy distribution has been described be-
fore® and will only be discussed briefly. The theoretical
model is presented in Sec. III with emphasis on the
influence of atomic angular momentum and spin on the
off-diagonal diabatic matrix elements. Section IV is de-
voted to comparisons between experimental and calculat-
ed state-selective angular distributions. In Sec. IV A we
show that the experimental angular distributions for
single-electron capture to the 4p Ar®" state in the energy
range 19-200 eV can be explained in terms of dual rain-
bow scattering. Incoherent addition of the calculated an-
gular differential cross sections of the six open 4p LS
terms is shown explicitly for one collision energy. More-
over, the influence on the calculated angular distribution
by various modifications of the interatomic potential
curves is investigated and we show that the influence of
Stueckelberg oscillations is small at the present experi-
mental resolution. The inclusion of double-capture po-
tential curves (inferred from our energy-gain spectra) has
a very limited effect on the calculated single-capture an-
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gular distributions, which then may be treated separately
within our range of angular acceptance. On the other
hand, the two-electron angular distributions of Sec. IVB
are closely connected to those of single-electron capture
and we conclude that two-step electron-transfer mecha-
nisms dominate in the collision-energy regime 150-800
eV. Finally, in Sec. IV C we show that the angular and
energy-gain distributions for true double capture and
transfer ionization agree, indicating that the same popu-
lation mechanism for similar doubly excited intermediate
states is active in both processes.

II. EXPERIMENTAL TECHNIQUE

The experimental setup consists of a differentially
pumped recoil-ion source, a Wien filter, an effusive gas
jet, and an energy analyzer, followed by a two-
dimensional position-sensitive detector for registrations
of collision inelasticities and angular distributions (Fig.
1). A pump beam of 30-MeV CI’" ions from the Oak
Ridge National Laboratory EN-12 tandem Van de Graaff
accelerator was post stripped and directed into a
differentially pumped gas cell in order to produce recoil
ions.® Alternatively, we produced recoil ions with 2-keV
electrons from a Perkin-Elmer PHI-04-015 electron gun.
The Ar recoil ions are extracted from the production gas
cell by means of an electric field. In order to achieve
good resolution in the post-collisional energy-gain spec-
tra, the very-slow ion beam must have a narrow energy
distribution. This is achieved by means of a low extrac-
tion field and a well-collimated pump beam in the recoil-
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FIG. 1. A schematic of the experimental setup. Argon recoil
ions are produced in the gas cell by either a beam of 30-MeV
CI°" ions or by 2-keV electrons. After extraction by means of a
weak electric field, the ions are accelerated to the negative po-
tential of the charge-state-separating Wien filter. The potential
at the fast ionizing beam determines the collision energy, since
the Ar*" beam is retarded to ground potential before it crosses
the collimated gas-jet target. The post-collisional energy and
charge-state distributions of the very-slow beam are analyzed by
means of a 40.5-mm-radius cylindrical energy analyzer and a
two-dimensional position-sensitive detector. After the final drift
region, which is terminated by a grid at the analyzer’s focal
plane, the ions are accelerated to an energy of about 2q keV be-
fore they hit the multichannel-plate detector (MCP). The last
channel plate is followed by a two-dimensional position-
sensitive anode (PSA).
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ion production region. The gas cell is followed by a six-
element linear-acceleration region and a Wien filter,
where the first elements of the former are located inside a
differential pump step. By means of the perpendicular
electric and magnetic fields of the filter, the velocities of
the passing ions are analyzed. Since the ions were first
accelerated by a constant electric field, we separate the
charge-to-mass ratios of the recoil ions at the exit aper-
ture of the filter. The separated beam is retarded to
ground potential by means of a ten-element linear-
retardation lens before it enters the collimator. At the
target the very-slow ion beam has a maximum diameter
of ~1 mm and a maximum angular divergence of +0.5°.
The collision energy of the beam is determined by the po-
tential difference between the region where the recoil ions
are created, V.., and the gas-jet target, held at ground
potential. The initial energies of recoil ions produced in
the present fast heavy-ion collisions have been mea-
sured® to be below 0.5 eV. The contribution to the ener-
gy spread from the finite 0.4 mm width of the pump beam
in the extraction field (<3 V/cm) amounts to 0.12q eV,
where g is the charge state of the projectile. A more de-
tailed description of the ion source and its performance is
given in Ref. 8. For the production of recoil ions by elec-
tron impact, we find a maximum for production of Ar**
at impact energies around 2 keV, in agreement with the
results of Hippler et al.** The cross section for produc-
ing Ar*" by heavy-ion impact is higher than with elec-
tron impact, but the electron current is higher than that
achieved with the fast heavy-ion beam with the result
that Ar** production rates are similar. We measure
Ar*" particle currents of ~10° and ~10* s™! at beam
energies of 19 and 800 eV, respectively.

The very-slow ion beam crosses the effusive gas jet at
right angles. The differentially pumped gas-jet target is
furnished through a concave glass-capillary array, which
is focused at the crossing with the very-slow ion beam.
In order to resolve structures in the post-collisional angu-
lar distributions, the thermal velocity spread of the gas
jet has to be diminished in the direction of angular
dispersion. This is achieved by collimating the gas jet,
which has a diameter of about 1 mm at the intersection
point and a divergence of less than 10°. With the present
setup, it is possible to keep the pressure in the main
chamber at 5X 1077 Torr with a target pressure of ~2
mTorr and a pressure of ~6 mTorr in the production gas
cell.

After the interaction of the very-slow ion beam with
the gas-jet target, the charge states, energies, and scatter-
ing angles of the emerging projectiles were analyzed by
either a 30° parallel-plate electrostatic analyzer® or a cy-
lindrical energy analyzer (Fig. 1), followed by a two-
dimensional position-sensitive detector (PSD). Both
analyzers are focusing only in the plane of energy disper-
sion. This makes it possible to obtain the energy-gain in-
formation from the position along the axis of energy
dispersion in the focal plane, while the position in the
perpendicular direction is related to the scattering angle.
The energy and angular distributions in the focal plane
are mapped onto the two-dimensional position-sensitive
detector by a short acceleration region, giving the ions an



5892

energy of 2g keV in order to increase the detection
efficiency. The position-sensitive detector consists of a
two-stage microchannel-plate (MCP) array followed by a
resistive anode. The projectile position is decoded from
the accumulated charge recorded at the four corners of
the anode. Due to the many meshes that the ion beam
has to pass at small angles, the transmission of the 30°
parallel-plate electrostatic analyzer is quite low. For this
reason it was replaced by a 64° cylindrical analyzer with a
radius of R; =36.5 mm for the inner sector and R, =44.5
mm for the outer one. The analyzer is preceded by a drift
region of 36 mm (the separation between the target re-
gion and the field plates of the analyzer), and a vertical
slit of 1.7 mm width just upstream of the analyzer plates
limits the acceptance in the plane of energy dispersion to
+1.4°. A drift region of 22 mm length after the sector
plates is terminating at the focal plane of the analyzer.
The design value for the relative energy resolution of the
cylindrical analyzer is 1.3%, while the measured peak
width corresponds to a resolution of 1.6%, for ions trav-
eling along the central trajectory of the analyzer. For the
parallel-plate analyzer the corresponding values are 3%
and ~4%, respectively. The calculated and measured
values for the angular resolution are both about +0.5°.
The angular acceptance of the present setup is limited to
about +9° by the diameters of the microchannel plates.
Apart from a higher transmission and a better energy
resolution for the cylindrical analyzer, no differences be-
tween the energy or angular distributions obtained with
the two analyzers were observed.

In Fig. 2 an image on the PSD for single-electron cap-
ture in 40-eV Ar**-Ar collisions is shown. The horizon-
tal position of the image can be related to the energy gain
AE of the projectile, while the vertical position is a func-
tion of the scattering angle, 6. Only Ar’" ions are seen in
the image since the primary Ar** ions are deflected out-
side the detector range for this particular setting of the
analyzer voltage V,. Through integration of the two-
dimensional angular energy distribution, the energy-gain
spectrum for a particular range of angles, or the angular
distribution within a range of energy-gain values, is ob-
tained. The energy E of a beam of charge g following the
central path through the analyzer is given by

E=q—, (D

where K is the analyzer constant for the central trajecto-
ry

K =21 R, 0.396 )
- an ~U. .

The energy calibration is obtained by recording the posi-
tion x on the detector for the incident Ar** beam and the
corresponding analyzer voltage V, for a fixed energy
qVieam» thus  giving a  calibration function
f(x)=Vyeam/V,. The calibration function is, simply, the
inverse of K as a function of the horizontal beam position
x on the detector. The energy gain AE of a projectile,
which changes its charge from g to g’, is then given by
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SCATTERING ANGLE

<— ENERGY GAIN —

FIG. 2. The image on the detector following single-electron
capture in 40-eV Ar**-Ar collisions. The horizontal beam posi-
tion can be related to the post-collisional projectile energy gain
AE, while the vertical position is a function of the scattering an-
gle 6. Only Ar** ions contribute to the image, since the pri-
mary Ar** beam falls outside the range of the detector at this
particular setting of the analyzer voltage. The contour lines are
plotted at 20, 40, 60, and 80% of the maximum intensity. The
edge of the channel plate is indicated by a circle.

AE (x)=q'f(x)V,—qf (x)V, , (3)

where x, is the position of the primary beam (with
charge gq) at the analyzer voltage V,, and V, is the
analyzer voltage when recording the charge-exchanged
beam (q') at the position x. The angular calibration is
obtained from the (vertical) position of the beam along
the direction perpendicular to the energy dispersion and
the calculated trajectory length from the gas jet to the
detector. The inelasticity Q of a collision is equal to the
difference between the kinetic energies of the projectile
and the target before and after the collision. The shift of
the peak to smaller energy-gain values at large scattering
angles in Fig. 2 may be calculated by means of classical
two-body kinematics.>* When the projectile and the tar-
get are of equal masses, or when the target is heavier than
the projectile, this shift in energy gain is small but detect-
able for angles that can be recorded in this experiment.

III. THEORETICAL MODEL

We model the Ar**-Ar collision system by means of an
extended version of the multistate semiclassical collision
model described by Andersson et al.® While the origi-
nal model neglects all elastic interactions in the initial
channel and retains only Coulomb repulsion in the final
channels, the polarization interaction cannot be neglected
in the present energy range. In addition, screened
Coulomb terms accounting for the penetration of the ion-
ic cores at small internuclear distances are introduced as
an option. The diabatic potentials for the initial and the
final single-electron-capture channels (in atomic units) are
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Z
_ _ 4 cored
Vo(R)=— 2R4 [1—exp(—AR)]*+ R ———exp(—«;R)
(4)
and
- ap(g—1)?
V,(R) (qR‘)— o l—ep(—AR)*
Z .l
ch;I exp(—«kgR)—Q , (5)
respectively. The projectile charge is denoted by ¢, a;,

and ap are the polarizabilities of ground-state Ar and
Ar™, respectively, and Q, is the energy defect of the final
channel k. The polarizabilities’’ used here are
a;=11.1a} and ar=5.4a}. The factor multiplying the
polarization terms in Egs. (4) and (5) is introduced in or-
der to suppress the domination of R ~* terms at small in-
ternuclear distances. A~ ! thus sets the typical distance
for this damping term to become effective. In principle, A
could be different for each channel but, in order to keep
the number of free parameters low, we use the same value
for all channels. We assume that the projectile ion
penetrates the outer shell of the target at a distance
characterized by the ionization potentials /. and I, + of

Ar and Ar", respectively. Z.,.=6 is therefore the
charge of the target core (p shell and «x; =(21,,)"/?=1.07
and kp=(2I, +)/2=1.42. The core-penetration poten-

tials were 1ncluded in order to investigate their influence
on single-electron-capture angular distributions. Since
this influence was found to be rather limited (cf. Sec. IV),
penetration effects were ignored in the main calculations
for single- and double-electron capture. The innermost
final channel ¥, (i.e., the one with largest Q, ) is assumed
to couple fully adiabatic to the initial channel ¥, ensur-
ing reversal of the radial motion and overall probability
conservation. The potential curves constructed from
Egs. (4) and (5) without the penetration terms are shown
in Fig. 3. In the figure, one double-capture channel is
also present. This channel is discussed further below.

The important mechanism driving the charge-transfer
reaction is assumed to be the relative radial motion of the
nuclei. The importance of the rotational coupling usually
decreases with lower velocity at large internuclear dis-
tance and therefore it is neglected for the present very-
low collision velocities. We further assume that the tran-
sitions are localized to the curve crossings of the diabatic
states of the electronic Hamiltonian and that the curve
crossings are well isolated from each other. The mul-
tichannel system can then be treated as a series of
effective two-state systems. The Landau-Zener expres-
sion for the diabatic transition probability when making a
single passage at a curve crossing is®’

—27H?,

JIAF| (6)

p —exp

Here H,, is the matrix element of the electronic Hamil-
tonian H, taken between the two diabatic states, v is the
relative radial velocity, and AF the difference in slopes of
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the two diabatic potential curves. All quantities are eval-
uated at the crossing radius.

The multichannel Landau-Zener (MCLZ) formalism
gives the probabilities P/’ for a collision exiting in final
channel k via the classical path (j) of the several possible
paths (for details see Ref. 36). The scattering amplitude
for a collision exiting in the final channel k is written
172

exp(idy)) . (7

()
ok

dQ

P

= 2 fd=2
J
In Eq. (7), doyj} /dQ is the classical dlﬂ‘erentlal Ccross sec-
tion for scattermg along path j, and A/ is the classical
action for this path. In the original app]ications of this
model the differential cross section for exiting in channel
k was obtained by squaring Eq. (7) and neglecting the (by
assumption) rapidly oscillating interference terms. Here
we keep the interference terms to check if the experimen-
tally observed oscillatory structure can be understood in
terms of interference oscillations. The differential cross
section is thus

20 C T T I T T T T ] T T T T i’”"
0 F E
- ]
—~ F -
= C 3
0} o ]
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> 3 ]
-10 F =
. ]
C ]
F Ar3t (nl) + Art 3p5(2P) “ DpC ]
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FIG. 3. A potential-energy diagram for the Ar**-Ar system.

The potential-energy curves of the incoming channel and single-
and double-electron-capture exiting channels are plotted as
functions of the internuclear distance R. The incoming poten-
tial includes polarization of the target, damped at small R (cf.
text). The single-capture potentials include Coulomb repulsion
and the polarization energy (with the same damping function as
the incident channel) of the Ar* ground-state ion. A pure
Coulomb double-capture potential curve (dotted) is inserted at
the experimentally established Q value of 17 eV. Six 4p and two
4s terms, added to the ground-state 3P term in Ar**, correspond
to single-capture potentials, indicated by solid curves. The
dashed curve shows a potential that dissociates to the ground-
state Ar" ion and the 4s 2D Ar** term, denoted by 4s’. The
latter is built on the excited Ar** ('D) core.
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daOk_ U)daf)jk’
dQ ="k dq

172

o dal)l dofy
+23 3 |PPS——
J i(>)) aQ aQ
Xcos( A — A7) . t)

The interference phases A4,/'— A" are related to the
areas between the branches of the classical deflection
function®® corresponding to paths j and i. We refrain
from including any quantum corrections to the semiclas-
sical phases A,/ of the scattering amplitudes £} at this
level of sophistication. As a consequence, the oscillatory
pattern in Eq. (8) may be shifted compared to the true
pattern (see, e.g., Koslowski et al.3®). The oscillation fre-
quencies will, however, be the same.

Another modification of the original version of the
model by Andersson et al.*® concerns the diabatic cou-
pling element that enters in Eq. (6). For collisions be-
tween completely stripped ions and atomic hydrogen, Ol-
son and Salop?® derived the semiempirical expression

HS =9.13g 2exp[ —1.324¢ ~'/2(21,)'?R, ], (9)

where I, is the ionization potential of the target and R, is
the crossing radius. The dependence on I, was intro-
duced to allow for targets with ionization potentials
different from 1. Different modifications of H % have
been suggested in the literature. Kimura et al.*° reduced
HY by 40% to fit their experimental data and
Taulbjerg?’ derived a correction factor F,; that depends
on the final capture state. We note that HS and the
correction factor F,; have proven reasonably accurate for
capture to a projectile initially in an S state.”*® For a
more general collision system with an open-shell core on
the projectile, the capture into a given (n,/) level of the
projectile will result in several LS terms. The wave func-
tion of the final projectile state has angular momentum
properties that influence its coupling to the initial state.
The rigorous selection rules for radial coupling are con-
servation of the projections of the total orbital and spin
angular momenta on the internuclear axis. In an
independent-particle model the selection rules apply to
the same constants of motion for individual electrons.
We adopt the point of view that an independent-particle
model is sufficient at distant crossings while electron
correlation is important for determining the asymptotic
energies.

In the present system all possible LS terms (3p23P 4l
25T1L) for capture to the [=0,1 levels formed on the
Ar** projectile in the final channels are allowed to couple
to the incident channel. However, only the parts of the
initial and final wave functions that contain the active
electron with the same projections of orbital and spin an-
gular momenta on the internuclear axis are allowed to
couple, due to the assumption of radial spin-independent
coupling. Moreover, since the target has six valence elec-
trons, we must allow for the fact that these are indistin-
guishable and equally probable to play the role of the ac-
tive electron.
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To determine the diabatic couplings we use here a ver-
sion of a procedure originally suggested by Grice and
Herschbach*! for neutral collision systems and more re-
cently used for ion-atom collision systems by Gargaud
and McCarroll.*? The objective of this procedure is to
reduce the matrix element of the electronic Hamiltonian
H, between two multielectron diabatic states to a one-
electron matrix element between the initial and final
states of the active electron. For distant crossings a dia-
batic state of the quasimolecule can be reasonably ap-
proximated by linear combinations of atomic orbitals
(LCAO?’s) of the dissociation products to which the dia-
batic state correlates. In the interaction region we de-
scribe the atomic systems by single-configuration LS-
coupled spin orbitals. These do not, of course, give the
correct energies in the asymptotic region. We label the
orbitals by their atomic dissociation limit rather than us-
ing molecular notation. This is permissible at large inter-
nuclear separations where mixing of the orbitals on
different centers is negligible. In the initial channel the
Ar target is in the state (subscript B denotes the target
center)

li)p=13p%15,0,0),
N

2

1 1 0
m; my, 0O

=2 2

my,my My

By py O
X13p>2P%m ) g
®|3p,m,, 1y 5 (10)

where

Jvoda J

m, m, M

denote the Clebsch-Gordan coefficients and m; and pu; are
the projection quantum numbers of the orbital angular
momentum and the spin, respectively. The state of Eq.
(10) is antisymmetric in the six 3p electrons if
[3p32P,m,u,)p is properly antisymmetrized. The
single-electron state that is explicitly singled out in Eq.
(10) will describe the active electron.
The Ar*" projectile (center A) is in the state

li) ,=13p2°P,m,,u;) 4 . (11)

The LCAOQO’s that describe the initial states are formed
using Egs. (10) and (11):

li, 3| AL, A,p)=13p?3P, A1) 4©(3p%'5,0,0) 5 . (12)

The states in Eq. (12) are eigenstates of the orbital angu-
lar momentum operator L, along the internuclear axis (z
axis) with eigenvalues A. Alternatively, we could choose
eigenstates of the reflection operator o,, which reflects
the spatial part of the wave function in a plane containing
the z axis. For A=0, Eq. (12) is a simultaneous eigen-
state of L, and o,. The reflection symmetry for a molec-
ular state is the same as for the atomic states to which the
molecular state dissociates. For an atomic angular
momentum eigenstate |L,M,7), where 7 is +1 for an
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TABLE 1. The possible molecular terms obtained from combining the atomic states in Egs. (14) and
(15). 1is the angular momentum of the captured electron, S, and L , the total spin and orbital angular
momentum of the projectile, S total spin of the molecular term, and A the orbital angular momentum
component along the molecular axis. The numbers in parentheses denote the number of this type of
term. The degeneracy of the A70 terms due to the two possible signs of A is implicitly understood.
1 25A+‘LA 2+
0 2P M37(2) bzt "M(2) A
0 4P 3,52—(2) 3,52+ 3,5n(2) 3,5A
1 ZSG l,}z* I,JH
1 4su 3,52* 3,5n
1 ’p° 33T E7(2) VT1(2) bA
1 Kidi »33° ¥324(2) »10(2) A
1 pe 13%7(2) Lizt L311(3) L3A(2) L3
1 4DD 3,52—-(2) 3,52+ 3,5H(3) 3,5A(2) 3.5¢
s — i 25 ,+1
even s'tate and 7 is —1 for an odd state, the reflection lf),q =|3p2 3p 4] B4 Ly,m iy )A
operation has the effect
11 Lyl 7 S4
o,|LM,7)=m(— DML, —M,7) . (13) _,,,%,,zﬂpzyz my oMy Mgt K By
X[3p?Pmy,uy) 4
Using Eq. (13), one can deduce that the initial molecular
states in Eq. (12) are one 33~ state and one (doubly de- ® [4],m ;) 4 (15)

generate) *I1 state.
For the final channels the atomic states are

1f)B=‘3P52Po’mB’.uB)B (14)

for ground-state Ar" and

25 +1

| f,41 LS ALAR)

S, S

ol

=624 3

Kyl

My Ky p

M=-1

where K, are coefficients that decide the reflection prop-
erties of the = terms [by using Eq. (13)] and ensure nor-
malization. The states in Eq. (16) are constructed to be
eigenstates of L, with eigenvalues A. In Eq. (16) A is the
operator that antisymmetrizes the transferred electron
with the five 3p electrons remaining on the target. The
final state in Eq. (16) must be antisymmetric in these elec-
tron coordinates to be consistent with the initial state in
Eq. (12). Since the two ionic cores are identical, we
should, of course, also distinguish between gerade and
ungerade states. For the present considerations, howev-
er, this is not necessary because we have excluded the
symmetric charge-transfer channel (Ar** +Ar—Ar
+Ar*") where this distinction is important.

The matrix element of H, between the initial state
li, 3|Al, A, ;) and the final state

1f,41

ZSA+1LA’ 251 AV A )

1
S Kyl3p*iP 4l

for Ar**. The combination of the atomic states in Egs.
(14) and (15) will give rise to the molecular terms listed in
Table I. The figures in parentheses after some terms
denote the number of this type of term if different from
one. All terms with A%0 are doubly degenerate due to
the two possible signs of A.

The general final molecular state is written

Batlp A—Mop) 48135 PO M)y, (16)

[

at their crossing radius can, provided that the overlap

4(41|3p ) is small compared to unity, be written*!"*?
H;=g;8s (4 H | 3p) g, (17)
where
i 11 L, 1 1 0
&= 2 Kula M A-m ‘M —M o |%an
(18)
and
o s,
gs=\/6§ Im —m O0||lju —m pu—m
s, Ls
X lucm m | (19)
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In deriving Eqs. (18) and (19), we have used the fact that TABLE II. Values of g5 given by Eq. (19). S, is the spin of

each electron must conserve its projections of orbital and
spin angular momenta on the z axis separately. The one-
electron matrix element remaining in Eq. (17) does not in-
volve integration over the azimuthal angle since this has
been trivially performed by the angular momentum selec-
tion rules.

In order to determine the factors g;, the coefficients
K); must be known. If a molecular term only occurs
once, this presents no difficulty since reflection properties
and normalization fix the values (up to a common phase
factor). The terms that occur more than once (cf. Table
I) are, in general, split in energy depending on the elec-
tronic configuration. At the relevant internuclear separa-
tions, however, this splitting is expected to be negligible
and we regard the terms to be effectively degenerate. In
that case, the K,,’s for each of those terms can be chosen
freely as long as orthonormalization is satisfied. This
will, in general, lead to several different values of g;.
Since in this Landau-Zener curve-crossing model all in-
teraction between the initial and the final channel is
mediated by Hj; localized at the curve crossing, the
values of the (in principle, R-dependent) coefficients K,
are important only at the curve-crossing radius. By
choosing the K,,’s in such a way that the g;’s are zero
for all but one of the degenerate states, the ambiguity of
the g; ’s is resolved. In this way the coupling mechanism
determines, at the curve crossing, a particular LCAO to
represent a given molecular term. It is also crucial that
each final state interacts only with the initial state and
not with the other final states.

In Table II we give the values of gg and in Table III
the nonzero values of g; together with the corresponding
values of the K,’s. It is understood in Table III that the
A=0 states are I~ states since g; =0 for the I+ states.
It can be noted from Table II that only the final triplet
channels couple to the initial channel (which is always a
triplet) in accordance with Wigner’s AS=0 spin-selection
rule.

The one-electron matrix element ,{4/| |H,||3p)p in
Eq. (17) could, of course, be calculated by some one-
electron model, as was done by Gargaud and McCar-

the final projectile state and S the spin of the molecular state.

S4 S &s
% 0 0_
% 1 V2
3 1

% 2 0

roll.*> We here choose a much simpler approach and use

HSS given by Eq. (9) corrected by Taulbjerg’s factor?’
F,;. We thus have

Hfi =8Lgan1H(1)2s . (20)

This particular choice cannot be strictly justified, howev-
er; since HS describes capture from a target with a given
ionization potential to hydrogenic levels of a one-electron
ion and F,; accounts for the splitting of the / levels for an
ion having a core, it seems reasonable to use F,,H for
the one-electron element. The results obtained in this
work also give a posteriori justification for using the cou-
plings in Eq. (20).

Since differential cross sections for double capture have
been recorded, we also extend the collision model by in-
clusion of one double-capture channel represented by the
diagonal diabatic state

2(q —2
VDC(R)=_(q——_)—QDC .

R (21)

The purpose is to investigate the influence of the double-
capture channel on the angular distributions for single-
electron capture [according to Egs. (4) and (5) without
the penetration term] and to check the experimental data
for one- or two-step double capture. Vpc will cross the
initial channel ¥, at R =R % and the final single-capture
channels ¥, at R =R} In order to investigate the
influence from double-capture channels on the single-
capture angular distributions, we allow transitions at

TABLE III. The nonzero values of g; given by Eq. (18). [ is the orbital angular momentum of the
captured electron, L , is the total orbital angular momentum of the projectile, and A the orbital angular
momentum projection on the internuclear axis of the molecular term. K, are the coefficients for build-
ing the final-state molecular LCAO [cf. Eq. (16)]. A=0 denotes 2" states; >+ states have g, =0.

i L, A gL K, K, K_,

0 1 0 1/V73 1 0 0

0 1 1 1/V3 1 0 0

1 0 0 1 1 0 0

1 0 1 1 0 1 0

1 1 0 1/V3 0 1/vV2 —-1/V2
1 1 1 1/V73 1/v2 —1/V2 0

1 2 0 Vv5/3 v2/5 —v3/10 —Vv3/10
1 2 1 Vv5/3 V3710 —V1/10 —V3/5
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REc but not at RY.. In other words, double capture is
allowed to take place via two-step processes where one
electron is captured at the crossing between the initial
channel and the single-capture channel V, and subse-
quently the other electron is captured at R §c. In order
to keep the MCLZ expressions simple, we do not allow
for coupling between different single-capture channels via
the double-capture channel. This is clearly inconsistent
but sufficient for our purposes, since the primary interest
is to determine principal features of the angular distribu-
tion. The coupling matrix elements between the single-
and double-capture channels are kept as free parameters
which are adjusted to give a substantial probability for
populating the double-capture channel. As can be seen
below, the double-capture channel has negligible
influence on the single-capture differential cross sections
at angles detected by the experiment. This justifies a cal-
culation for single capture that disregards the presence of
double-capture channels. In order to investigate the
second point, the coupling at R is switched on, allow-
ing for simultaneous transfer of two electrons. As expect-
ed, and as will be discussed in more detail in Sec. IV B,
the scattering angles are smaller for this transition than
for the two-step process because a larger portion of the
slightly attractive initial channel is traversed before
switching to the repulsive double-capture channel.

IV. RESULTS AND DISCUSSIONS

A. Single-electron capture

Energy-gain spectra for forward-scattered (6<1°)
Ar*T-Ar single-electron capture, and the Q values associ-
ated with the 4p and 4s terms and a term denoted by 4s’,
are shown in Fig. 4. The 4p and 4s terms are all built on
the 3P Ar*t ground state while the 4s’ term is built on
the excited 'D Ar*" core. The exclusive population of
the 4p states in the laboratory energy range 19-200 eV is
evident from the positions of single peaks at AE ~8.5 eV,
where we estimate the uncertainty in the absolute calibra-
tion of the energy-gain scales to be 0.5 eV. The relative
energy resolution of the setup with the cylindrical energy
analyzer is about 1.6%, while the relative energy widths
of the single-capture peaks vary from 6.6% for the lowest
energy down to 2.2% for 200 eV. The six unresolved 4p
LS terms, distributed over excitation energies of 1.6 eV
and with separations between 0.1 and 0.5 eV, presumably
make up the main part of this extra broadening. At 19
eV, the measured absolute peak width of 1.85 eV is dom-
inated by the distribution of capture of the 4p 2S°, ?P°,
4g° 2p° 4p° and *D° levels, with a somewhat smaller
contribution from the energy spread of ~0.8 eV for the
incident Ar*" beam.

The dominance of single-electron capture to the 4p
state in the energy range below 200 eV is in accordance
with earlier experimental results. Puerta er al.'® and
Koslowski and Huber'® recorded one order of magnitude
more intensity in the 4p than in the 4s state by means of
translational energy-gain spectroscopy for Ar**-Ar col-
lisions at 800 eV. At 2180 eV Giese et al.!” noted that 4p
capture is twice as probable as capture to the 4s state. In
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unpublished measurements for the same collision system,
Hvelplund and Cederquist?® recorded a decreasing rela-
tive importance of 4s capture as the collision energy was
lowered. At 240 eV a relative cross section of a few per-
cent was measured, while only 4p capture could be
detected at their lowest energy of 160 eV. This energy
variation of the 4s capture cross section strongly indi-
cates that the avoided crossing between the outermost 4s
channel (?P) and the incident channel is passed adiabati-
cally in the energy regime below 200 eV.

The energy-gain spectra of Fig. 4 show that there is no
population of the 4s’ term ('D 4s >D) expected at 0=10.8
eV, at least not in the energy range 19-200 eV. At
higher energies, the limited resolution excludes the detec-
tion of possible minor contributions. There is, however,
no trace of population of this channel in the data of Puer-
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FIG. 4. Energy-gain spectra for single-electron capture
within projectile scattering angles of +1° in Ar**-Ar collisions
at (a) 19, (b) 40, (c) 80, and (d) 200 eV. The energies for capture
to 4s, 4s’ (cf. text), and 4p states are indicated.
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ta et al.'® or Koslowski and Huber!® at 800 eV. Also the
data by Hvelplund and Cederquist?® at several points in
the energy range 160—600 eV demonstrate the absence of
this feature. It is thus clear that the crossing between the
incident and the 4s’ channel is either strongly adiabatic
or strongly diabatic over the whole present energy range
of 19-800 eV. An adiabatic behavior of the crossing
with the 4s’ channel would involve an excitation of the >P
Ar*t core and a simultaneous electron transfer. It is
shown in numerous experiments that transfer-excitation
processes, which proceed through similar couplings,
occur at smaller internuclear separations than core-
preserving single-electron capture.® Furthermore, given
a diabatic transition probability at the 4s’ crossing of ei-
ther zero or one, the population of 4s in the upper part of
the present collision-energy regime strongly suggests a di-
abatic behavior for this crossing, since a complete adiaba-
ticity does not allow capture to channels of smaller cross-
ing distances.

Before we proceed with the comparison between model
and experimental angular distributions, a discussion on
the possibility of metastable components in the projectile
beam is appropriate. Puerta et al.'® did indeed detect
capture to the 2D° and 2P° levels of Ar’* at Q values
close to 10 eV in 800-eV collisions on Ar. The population
of these levels, at this Q value, is unambiguously
identified as capture to a 4p state by an incoming D
Ar*t metastable core.'® The same feature is also seen in
the spectrum reported by Koslowski and Huber.' A
contamination by !D metastables should have the same
signature in the present energy-gain spectra, but at least
for energies below 80 eV where a peak from this process
would be resolved, no such contribution is detected. In
this context one should note that our considerably lower
collision energies tend to decrease the probability for cap-
ture to states of large Q values, which is clearly demon-
strated by the energy dependence of reaction windows
presented by Biedermann et al.'® There are two Ar’**
LS terms based on the !'D core that give Q values in the
near vicinity of @Q=28.5 eV. Thus, it cannot be excluded
that capture to this metastable core contributes to the
peaks in Fig. 4. The remaining metastable Ar** com-
ponent, 'S, does not provide crossings within the reaction
window for Ar**-Ar collisions and is not expected to
affect the energy-gain spectra at 800 eV or below.'? We
cannot rule out the possibility of 'D metastable contam-
ination in the 4p single-capture states, but since they
occur at roughly the same Q value and thereby cross the
incident channel at about the same R, the projectile
deflection will be the same for a given path on the inter-
nuclear potentials. The coupling strengths might, howev-
er, differ due to the differences in angular properties for
the incoming ground- and metastable-state wave func-
tions. In concluding the discussion about metastable
beam components, we note that a possible presence of 'S
Ar** projectiles would affect only the magnitude of the
apparent total experimental single-capture cross section.
A 'D Ar*" beam component, however, may contribute to
single-electron capture and would exhibit the same angu-
lar distribution as the 3P ground-state projectile but with
a different relative intensity distribution.
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Comparisons between experimental and theoretical re-
sults for the angular distributions of single-electron cap-
ture to the 4p state of Ar’t are shown for several col-
lision energies in Fig. 5. In the calculations, we assume
all six 4p channels to be open. We take the innermost of
the two 4s channels (4s *P) as the inner repulsive wall,
i.e., we have assumed that it is completely adiabatic. The
outer 4s channel (4s 2P), left open in the calculations,
yields in very small diabatic transition probabilities for
the corresponding crossing at energies below 200 eV.
Thus this channel in effect acts as a repulsive wall. The

Differential cross section (arb. units)

| BT

0 2 4 6 8 10

Scattering angle 6 (deg)

FIG. 5. Comparisons between the experimental (solid lines)
and calculated (dashed lines) angular distributions for single-
electron capture to the Ar’* 4p state in Ar**-Ar collisions at (a)
19, (b) 40, (c) 80, and (d) 200 eV. The theoretical results (dashed
lines) are do/dQ, convoluted with the experimental angular
resolution, and include interference effects.
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FIG. 6. The laboratory deflection functions for the processes
Ar*t 3p? (°P%) +Ar 3p° (1S9) AT 3p2 4p (BSTILO)+Art
3p® (2P°), at the laboratory collision energy 40 eV. The projec-
tile scattering angle 0 is shown as a function of the impact pa-
rameter b. From top to bottom the (a) 2S°, (b) 2P°, (c) *S°, (d)
2D°, (e) *P°, and (f) *D° deflection functions are shown in de-
creasing order of the distance for the corresponding 4p channel
crossing with the incident channel.
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coupling to the 4s’ channel is assumed to be negligibly
weak and we further assume that the incoming Ar*™* pro-
jectile is in the ground state. For each of the 4p exit
channels a deflection function is calculated by numerical
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FIG. 7. The multichannel Landau-Zener probabilities P (b)
to populate the 4p (a) 2S°, (b) 2P, (c) *S°, (d) 2D°, (e) *P°, and (f)
*D° single-electron-capture channels, as functions of the impact
parameter b, in 40-eV Ar**-Ar collisions.
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integration along the incident, 4p, and 4s paths on the di-
abatic potentials of Fig. 3. These deflection functions are
shown for the laboratory collision energy of 40 eV in Fig.
6. The probability flux on the different branches of each
deflection function are calculated by the use of the dia-
batic coupling elements of Sec. III, which take the angu-
lar momentum selection rules into account. Coherent ad-
dition of the scattering amplitudes associated with these
branches yields to do /d ) for each particular final 4p LS
term. The total angular differential cross section for cap-
ture to the 4p state is then obtained by incoherent addi-
tion of the contributions from the six 4p LS channels. In
Fig. 7, the multichannel Landau-Zener transition proba-
bilities P(b) are shown as functions of the impact
parameter b for the six exiting 4p LS terms. The partial
and the summed angular differential cross sections,
do/dQ, for 40-eV Ar**-Ar collisions are shown in Fig.
8. In contrast to the angular distribution in Fig. 5, the
ones in Fig. 8 do not include interference effects. As we
will show below, Stueckelberg oscillations only have a
limited influence on the total 4p angular differential cross
sections.

The experimental data shown in Fig. 5 were obtained
with the 30° parallel-plate electrostatic analyzer, which
gives slightly better angular resolution than the cylindri-
cal analyzer. The theoretical cross sections do /dQ fol-
low the measured angular distributions closely for the en-
ergies 19, 40, 80, and 200 eV. For more energetic col-
lisions, both calculations and measurements yield in a sin-
gle forward peak. As has been mentioned above, the sin-
gle parameter (A) in the present calculation is set by re-
quiring agreement for the peak closest to 0° for all of the
collision energies of Fig. 5. The positions and the magni-
tudes of these primary peaks are very sensitive to the
shape of the incident channel, since this affects the
minimum angles of the six deflection functions. The in-
clusion of the polarization energy term in this potential is
necessary in order to obtain a primary peak in the model
this close to the forward direction at the lowest energies.
This polarization energy term and the terms added to the
Coulomb potential of the outgoing single-capture chan-
nels are all multiplied by the same function
[1—exp(—AR)]*. A deviation of a few percent in A
makes a significant difference and we arrive at A=0.28.
In contrast, as we will show below, the model angular dis-
tributions outside the primary peaks are extremely in-
sensitive to the shape of the incident channel.

According to the calculations, the forward peaks in the
energy range below 200 eV are dominated by rainbow
scattering due to the adiabaticity of the 4s 2P channel.
From the calculated distributions for 40 eV, shown in
Fig. 8, we note that the positions of the forward rainbows
are different for the different 4p exiting channels. As the
collision energy is increased, this difference is diminished,
but at 19 eV a feature caused by the forward rainbow of
the innermost 4p channel appears on the large-angle side
of the primary peak and in the vicinity of 6=3° [cf. Fig.
5(a)]. Secondary intensity maxima are present at about
1.8° for 80 eV collision energy and at ~3.5° and ~6.5°
for 40 and 19 eV, respectively. It is evident from the par-
tial 4p cross sections for 40-eV Ar**-Ar collisions (Fig.
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FIG. 8. Angular differential cross sections for single-electron
capture to the six 4p 25 *!L levels of Ar** [in order of (a) 2S°, (b)
2P, (c) *S°, (d) D", (e) *P°, and (f) *D° from the top] in 40-eV
Ar**-Ar collisions. At the bottom, the sum of all six cross sec-
tions is shown (g). Note the differences in intensities and verti-
cal scales for the different partial 4p cross sections.
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FIG. 9. Calculations of angular differential cross section for
40-eV Ar** +Ar—Ar** (4p)+Ar" under different assumptions
for the interatomic potentials. The core-excited ('D) 4s2D
Ar’”" single-capture channel (4s') is assumed to be completely
adiabatic in the (a) calculation, which includes polarization and
core penetration in the initial and final channels. The calcula-
tion resulting in the angular differential cross section shown in
(b) is the same as in (a) except that core penetration is excluded.
In (c), polarization is included and the crossing with the core-
excited 4s’ single-capture state is assumed to be diabatic with
the 4s *P curve as the repulsive wall. In (d) potentials are as in
(c), except that the polarization energies in the initial and final
channels are damped at small R (cf. text). The calculation for
(e) is the same as the one for (d), except that interferences be-
tween intensities on different branches of the multivalued
deflection functions are introduced.

8), and the ones for 19 and 80 eV (not shown), that this
secondary structure is due to rainbow scattering associat-
ed with the branches of the deflection functions that cor-
respond to 4p channels inside the ones finally populated.
All partial 4p cross sections contribute to this peak ex-
cept the one in which the innermost of the 4p LS terms is
populated. The existence of such secondary intensity
maxima is also evident in the data on single-electron cap-
ture in Ar*"-Ar collisions at 88, 68, 53, and 33 eV which
were presented before.’ The intensities at angles outside
the secondary peaks are due to transfer to the final 4p
channel on the way into the collision, i.e., they are associ-
ated with the outermost branches of the six deflection
functions. Note that there are small shifts also between
the secondary rainbow angles, due to the slight
differences between deflection functions for the six exiting
4p channels (cf. Fig. 8). The calculated angular distribu-
tions are very sensitive to the magnitudes of the matrix
elements at the avoided crossings and the present agree-
ment between model and experimental results supports
the suggested reduction due to the angular momentum
selection rules. Without this reduction, the forward
peaks of the calculated distributions would shift greatly
in angle and magnitude regardless of the numerical value
of the parameter A.

Calculated angular differential cross sections for
single-electron capture to the 4p state of Ar** are shown
in Fig. 9 for different assumptions about the interatomic
potentials. In Figs. 9(a) and 9(b) the coupling to the 4s’
channel is assumed to be completely adiabatic and the
undamped polarization potentials of Ar and Ar* are in-
cluded.!® The potential energies associated with the
projectile’s penetration of the outermost electron shells of
Ar and Ar™, included in Fig. 9(a) but not in Fig. 9(b), ob-
viously have negligible effects on do /d. In Figs. 9(c),
9(d), and 9(e), polarization energies are included, and it is
assumed that the 4s’ channel is passed diabatically in the
collision. Note the differences in scales and primary peak
positions between Fig. 9(c) and Fig. 9(d) which is due to
the damping function applied to the polarization terms in
Fig. 9(d). The calculation giving the angular differential
cross section displayed in Fig. 9(e) is identical to the one
in Fig. 9(d) except that the interference effects (discussed
in Sec. III) are taken into account. The Stueckelberg os-
cillations do indeed have drastic influences on the six par-
tial 4p LS angular distributions, but by the incoherent ad-
dition of these most of the interference structure is
smeared out. When the results are convoluted with the
experimental response function, the effect of including
Stueckelberg oscillations is even harder to detect. In Fig.
10, comparisons between convoluted angular differential
cross sections with and without interference effects are
shown for the energies 19, 40, 80, and 200 eV. Finally,
note that the absolute intensity of the secondary peak at
6~ 3° is insensitive to the different assumptions presented
in Fig. 9. Thus our conclusion that the secondary struc-
tures in the angular distributions are due to rainbow
scattering associated with the existence of several close
lying 4p LS exiting channels is indeed insensitive to the
shape of the incoming potential and even to the position
of the inner repulsive wall.
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As will be discussed below, we have made calculations
for the angular scattering in two-electron capture in
Ar*t-Ar collisions. In principle, it is possible that
double-capture channels might influence the single-
capture angular distribution. For example, a higher-
order transition from the 4p level to the double-capture
level on the way into the collision could occur, followed

C. BIEDERMANN et al.

41

by a transition to one of the 4p levels on the way out. We
have included a hypothetical double-capture channel at
Q=17 eV, which is the experimentally determined value,
in order to investigate this matter. This channel intro-
duces extra branches, at larger angles, starting in the
impact-parameter region around 4 to 5 a.u. on all the 4p
single-capture branches of the deflection functions. For
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FIG. 10. Calculations of angular differential cross sections for capture to the 4p state of Ar** in Ar**-Ar collisions at [(a) and (e)]
200, [(b) and (f)] 80, [(c) and (g)] 40, and [(d) and (h)] 19 eV. In (e), (), (g), and (h), interference effects are neglected, while they are in-
cluded in the spectra of (a), (b), (c), and (d). All spectra are convoluted with the experimental response function.
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example, for the innermost 4p channel (*D) there is one
such extra branch starting at b=5.1 and 8=4.1° for col-
lisions at 200 eV. However, this branch and similar ones
for the other 4p channels give rise to large scattering an-
gles and only influence the angular distributions far out,
where the single-capture cross sections are very small.
The intensities in the experimental and theoretical distri-
butions at 6> 4° are very small for the 200-eV case (cf.
Fig. 5). At the lower energies, the possible influence of
double-capture channels lies outside the experimental ac-
ceptance. Thus for studies of the angular distributions
following single-electron capture in Ar**-Ar collision
below 200 eV and within our experimental acceptance,
double-capture channels may be ignored.

B. True double capture

The energy-gain spectra of true double-electron cap-
ture are shown for the collision energies 300, 400, 500,
and 800 eV in Fig. 11. Each spectrum contains one peak
with relative energy widths ranging between 2.2% for the
lowest and 1.6% for the highest energy, respectively.
The centers of gravity for the energy distributions shift
from 15 to 16.7 eV between the lowest and highest ener-
gy, with an estimated accuracy of 0.5 eV for the abso-
lute calibration of the energy-gain scale. The kinematic
energy shift is defined as the difference between the col-
lision inelasticity Q and the projectile energy gain AE and
is thus equal to the recoil energy of the target ion. From
our simultaneously measured angular distributions we ar-
rive at average values of Q —AFE in accordance with the
energy dependence of the double-capture energy-gain
peak of Fig. 11. The present spectra indicate population
of double-electron capture at Q ~17 eV for all energies,
which is in agreement with the result of Koslowski and
Huber!® at 800 eV. Such a collision inelasticity indicates
a total binding energy for the two electrons captured to
the Ar** projectile of

Q+Ip+1, =604 €V .

The binding energy of ground-state Ar’** with respect to
Ar** is 59.8 eV and, thus, double excited Ar®" states
residing close to the Ar’" ground state are presumably
formed in 200-800-eV Ar**-Ar collisions. Koslowski
and Huber!” measured the double-capture energy-gain
spectrum with a relative energy resolution of about 0.1%
and deduced that many unresolved channels, within a Q
range of roughly 7 eV, make up the double-capture peak
at the 800-eV collision energy. The full width at half
maximum intensity of their measured distribution is
about 4 eV, showing the capture to Ar’* states both
below and above the Ar®% ionization limit. Thus, the ob-
servation of double-capture energy gain centered around
Q=17 eV indicates radiative stabilization of some of the
doubly excited states formed in Ar**-Ar collisions.

In Fig. 12 the experimental angular distributions of
true double-electron capture (dashed line) are compared
with calculated regions of scattering angles for one- and
two-step processes at the collision energies 300, 400, 500,
and 800 eV. The angular distributions for single-electron
capture for the same energies are shown in the same
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figure (solid line) at one tenth of their intensities. The in-
teratomic potentials for two-electron processes in Ar**-
Ar collisions are poorly known, in part, due to the poorly
known energy term diagram of doubly excited Ar’*.
Thus, for two-electron angular distributions we settle for
a more crude comparative calculation, using a single hy-
pothetical double-capture channel at or close to the ex-
perimentally established maximum for the energy-gain
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FIG. 11. Energy-gain spectra for true double capture in
Ar**-Ar collisions at the energies (a) 300, (b) 400, (c) 500, and
(d) 800 eV.
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distributions. It is, of course, possible to calculate angu-
lar distributions with one or several assumed double-
capture channels, but the value of comparisons with such
calculations can be questioned since the angular distribu-

Differential cross section (arb. units)

Scattering angle 8 (deg)

FIG. 12. Comparisons between measurements of angular dis-
tributions for double-electron capture (dashed line) and single-
electron capture (solid line) in Ar**-Ar collisions at (a) 300, (b)
400, (c) 500, and (d) 800 eV. The intensities for the single-
capture peaks are reduced by a factor of 10, for reasons of clari-
ty. The calculated angular regions for double capture, extracted
by means of a double-capture channel at the Q value of 17 eV,
and at @=15.5 eV, are indicated. The markers pointing down
indicate two-step processes, while the ones pointing up give the
positions for one-step processes (cf. text).

tions are quite sensitive to the actual positions (Q values)
of these channels. Instead, we indicate regions of scatter-
ing angles for which a high spectral intensity can be ex-
pected for the one- and two-step processes for a double-
capture channel at Q=17 eV or at Q=15.5 eV, which are
both consistent with the recorded energy-gain distribu-
tions (cf. Fig. 11). The markers pointing down indicate
regions for the two-step process due to a double-capture
channel at Q=15.5 eV (upper row of Fig. 12) and Q=17
eV (lower row). The markers pointing up signify one-step
processes (see Fig. 12). The lower limit for the one-step
process populating the Q=15.5 eV channel is taken as
the projectile scattering angle for a collision in which the
radial motion is reversed at the internuclear distance of
the crossing between the incident channel and the 4s 2P
channel, and with a transfer to the double-capture chan-
nel on the way out from the collision. Such a path is not
possible for capture to a Q=17 eV channel, since it is
crossing the incident channel inside the 4s 2P one. The
positions of the one-step markers (upward pointing) at
the large-angle limit for the Q=15.5 eV channel, and the
marker for the Q=17 eV channel, are obtained from the
assumption that the turning point equals the crossing dis-
tance between the incident and the double-capture chan-
nels. The (upward pointing) marker for Q=17 eV, and
the (upward pointing) marker at small angles for Q=15.5
eV, are strict lower limits for scattering in a one-step
double-capture process. Clearly, the scattering angle for
a one-step process might be larger than this, but the cross
section is expected to decrease with increasing 6 due to
smaller impact parameters. The markers for the two-step
double-electron-transfer processes (downward pointing)
are calculated for scattering on the 4p single-capture po-
tentials on the way in to the turning point and on the
double-capture channel (Q=17 or 15.5 eV) on the way
out. The markers at the large- and the small-angle limit
pointing down are obtained for motion along the inner-
most (*D) and outermost (2S) of the 4p LS curves, respec-
tively, where the turning points are taken as the crossings
between the active 4p channel and the double-capture
channel. The markers at small angles pointing down
show strict lower limits for the two-electron processes in-
volving the 4p single-capture paths.

Our estimated angular ranges and lower limits for the
one-step process populating hypothetical double-capture
channels at 17 eV or at 15.5 eV fall within the single-
capture distributions in the energy range 300—-800 eV (cf.
Fig. 12). There is clear evidence for the two-step mecha-
nism for all collision energies of Fig. 12. Koslowski and
Huber, '’ who measured a double-capture angular distri-
bution in agreement with the present one at 800 eV, ar-
rive at the same conclusion. For the slower collisions,
major parts of the spectral intensities fall outside the
downward pointing markers for the two-step processes at
Q=17 eV. It is also interesting to note that the Q=17
€V regions pinpoint distinct features in the angular distri-
butions for all the energies. This strongly suggests that
the most intense features at, e.g., 400 eV are due to popu-
lation of double-capture channels through paths on the
six 4p single-capture potentials. At 300 eV and above,
the two-step region for Q=17 eV falls at substantially
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larger angles than the one for Q=15.5 eV. Thus, we do
suggest that double-electron-capture channels consistent
with the recorded energy-gain distributions are populated
through the two-step mechanism, producing the observed
large-angle maxima in the angular distributions displayed
in Fig. 12. In the second step of these double-capture
processes, a one-electron transition at the active 4p
channel’s crossing with the double-capture channel
would populate doubly excited 4p (3 *!L)nl Ar*" terms.
The principal and angular momentum quantum numbers
for the capture state are denoted by n and /, respectively,
and L and S specify the active 4p single-capture channel.
For consecutive one-electron transfers the binding ener-
gies are Qgc 11,5, ~24 eV for the first electron (4p) and
Qpc—Qsc 1+ ~36 eV for the second one (nl), where

Qgc and Qp are the experimental Q values for single-
and double-electron capture, respectively. Since the
binding energy of the 4s Ar’" state is only about 27 eV,
even in the absence of an outer 4p electron, n/ would have
to be 3d, provided that both the projectile and target
cores are conserved when the second electron is
transferred. A second step involving capture of one elec-
tron to the 3p state and a simultaneous excitation of
another electron from 3s to 3p in either the projectile or
the target, however, would also tie in energetically with
the measured Q values. Thus, one of the two possibilities
for the second step in the two-step double-capture mech-
anism in Ar*"-Ar collisions, at which we arrive from the
measurements of energy-gain and angular distributions,
involves the simultaneous rearrangement of two elec-
trons.

The double-capture angular distributions, which are
cut at the edges of the detector, clearly show that the
two-step process with 4p single-capture channels connect-
ing the incident to the double-capture channels is dom-
inant for the lower energies. Yet, there is a nonzero in-
tensity at scattering angles consistent with the one-step
process even at 300 eV and, as can be seen in Fig. 12, the
relative intensity at forward angles increases with higher
energy. It is, however, not possible to unambiguously
conclude the existence of simultaneous (one-step) two-
electron transfer for the present collision system. This is
due to the small separation between the crossings for the
double-capture channels with the incident channel and
with the 4s 2P channel. In this way, the triangle formed
by the three potentials is very small (or even nonexistent)
and, thereby, the difference in projectile scattering for the
two paths is small. A two-step process producing scatter-
ing in this range would then proceed from the incident to
the 4s 2P channel and from this channel to the double-
capture channel through the capture of another electron
populating (4s 2P)nl doubly excited Ar?™ states. The fol-
lowing argument suggests that the two-step process is
dominant also for the scattering at smaller angles: It is
reasonable to assume that the crossing between the
double-capture channel and the incident channel is more
diabatic than adiabatic in character for collisions at 300
eV. Then the relative intensity of small-angle one-step
double-capture scattering should have an energy depen-
dence opposite to the one displayed in Fig. 12, i.e., it
should decrease with increasing velocity as the reaction
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window moves to smaller R. When the collision energy is
increased, the probability flux on the incident potential at
small internuclear separations increases, as is evident
from the increase of the single-capture forward rainbow
scattering (cf. Fig. 5). This gives more intensity on the
(adiabatic) 4s 2P potential and thereby more intensity in
the two-step forward angle double-electron-capture pro-
cess, in agreement with the observed velocity dependence
of forward double-capture spectral intensities in Fig. 12.
Thus, assuming a one-step two-electron reaction window
inside the crossings between the incident and the double-
capture channels in the vicinity of 6.5 a.u. (cf. the two-
electron reaction window for C**-Ne in Ref. 2), we con-
clude that the two-step capture mechanism dominates
also for small-angle scattering.

C. Transfer ionization

The single-capture energy-gain spectra for 150- and
200-eV Ar*'-Ar collisions are presented for small (6 < 1°)
and large scattering angles (6>4°) in Fig. 13. A feature
that is due to transfer ionization at an energy gain of
~16 eV, i.e., similar to the one for true double capture,
appears at large angles. The absence of transfer ioniza-
tion at small projectile scattering angles is in accordance
with earlier measurements of single-capture energy-gain
spectra in the forward direction.’®”2° Giese et al.!
recorded a small contribution from transfer ionization at
the relatively high collision energy of 2180 eV. For col-
lision energies higher than 200 eV our experimental reso-
lution is not sufficient to separate transfer ionization and
single-electron capture. The similarity of the inelasticity
distributions for transfer ionization and true double cap-
ture implies that states of similar excitations are popu-
lated. A comparison of the angular distributions due to
single capture, double capture, and transfer ionization at
200 eV is shown in Fig. 14. The agreement between an-
gular distributions for the two latter processes, which are
cut off at the edges of the detector at large angles, strong-
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FIG. 13. Energy-gain spectra for single-electron capture in
200- and 150-eV Ar**-Ar collisions at 8 < 1° [(a) 200 eV, (c) 150
eV)] and at 6> 4° [(b) 200 eV, (d) 150 eV]. The peaks centered at
AE=16 eV are due to transfer ionization.
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FIG. 14. Comparisons between the angular distributions of
single-electron capture [(a), solid line], true double-electron cap-
ture [(a), dashed line], and transfer ionization (b) in 200-eV
Ar**-Ar collisions. The single-capture peak is reduced by a fac-
tor of 10.

ly suggests that the formation of both autoionizing and
nonautoionizing states are dominated by two-step elec-
tron transfer in which the 4p single-capture channels con-
nect the incident and the final double-capture channels.
Insight into the mechanisms behind the rather strong
dominance of true double-electron capture over transfer
ionization, in spite of the experimental fact that terms
that are energetically allowed to autoionize are abundant-
ly populated, can be gained by examining the combina-
tions of total electronic spin, parity, and angular momen-
tum implied by the double-capture mechanisms. In Sec.
IVB we argued that the present two-electron processes
proceed as consecutive one-electron captures involving
the 4p LS terms and a capture of a second electron to the
3d state or to the 3p state with a simultaneous 3s to 3p ex-
citation. Here we restrict ourselves to the discussion of
the former alternative, although similar arguments may
also be applied for the latter double-capture process. For
the Ar’" states having excitation energies just above the
Ar’" ionization limit (see discussion above), the Ar’*
continua are all based on the “S° Ar** ground state and
the eigenvalues of the total angular momentum L and
parity m operators are both determined by the angular
momentum [’ of the continuum electron. Continua,
which are energetically available for electron emission of
such Ar?™ states, are thus triplets or quintets with L =1’
and 7=(—1)"""*V (ie., §°,P¢,D° F¢,G°). Capture to the
3d state of Ar’" in any of the six 4p > T!L terms, all of
odd parity, would populate odd Ar** states. This means
that the odd P and F Ar*" terms that are formed in 3d
capture to the 4p >*P and 4p >*D single-capture states
cannot decay through autoionization (even if they are ex-
cited above the Ar’" ionization limit) due to the parity
and angular momentum conservation rules. Moreover,
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capture to the doublet 4p LS terms may form triplet and
single states, of which the latter are forbidden to autoion-
ize due to the spin-selection rule for Coulomb autoioniza-
tion. This readily explains why a majority of the Ar**
states, formed in the two-step two-electron transfer pro-
cesses, charge-state stabilize (through photon emission),
even though the measured distributions of Q values indi-
cate that a fair fraction is excited above the Ar’* ioniza-
tion limit. At 200 eV and within the present angular ac-
ceptance, we find that true double-electron capture dom-
inates over transfer ionization by roughly one order of
magnitude.

V. SUMMARY AND CONCLUSION

In this work we present data for single-electron cap-
ture, true double-electron capture, and transfer ionization
in the energy range 19-800 eV. We provide an Ar**
beam of narrow energy distribution and small angular
divergence at intensities ranging between 10° and 10* par-
ticles per second for the lower and upper parts of the
collision-energy regime, respectively. From the energy-
gain measurements we conclude that only 4p states are
populated in single-electron capture at the lower end of
the velocity range and we find strong experimental evi-
dence that the 4s’ (1D 4s 2D) channel is passed diabatical-
ly over the whole velocity range and that the 4s 2P chan-
nel acts as an inner repulsive wall. The oscillatory struc-
tures seen in the experimental angular distributions are
reproduced by the calculations for all energies investigat-
ed and are due to multiple rainbow scattering associated
with reflection from the 4s 2P state for the forward rain-
bow and from the five inner of the six 4p LS terms for the
secondary intensity maximum. Calculations for different
assumptions concerning the Ar**-Ar interatomic poten-
tials show that the forward rainbow peak is very sensitive
to the shape of the potential of the incident channel,
while the secondary peak is not. The agreement between
the present experimental and theoretical angular distribu-
tions lends credibility to our proposed reduction of
semiempirical off-diagonal diabatic matrix elements.

We have shown that the dominant true double-capture
electron-transfer process is a two-step mechanism
proceeding along the 4p single-capture channels, which in
turn couple to double-capture channels in the vicinity of
Q=17 eV. We suggest that the structures in the double-
capture angular distributions are due to several un-
resolved channels, which are the different terms formed
when adding a 3d electron to the six 4p 25 T!L single-
electron-capture terms. However, we also point out that
the energy-gain spectra do not rule out the possibility
that the second step in the present two-step double-
capture process is simultaneous capture (to 3p) and exci-
tation (from 3s to 3p). This matter might be resolved
through calculations of excitation energies for (3p3)3d4p
and (3s3p*)3p4p Ar’* configurations. It is not possible
to determine whether the double-capture intensity mea-
sured at forward angles is due to a one-step process or a
two-step process mediated through the outer of the 4s
states. An argument based on the collision-energy depen-
dence for forward-scattered double capture suggests the
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two-step process. The dominance of double capture over
transfer ionization at the measured Q values below 17 eV
is explained as due to radiative stabilization of doubly ex-
cited Ar** states which are prohibited to decay through
Coulomb autoionization by the angular momentum, spin,
and parity selection rules. The similarity of angular dis-
tributions for double-electron capture and transfer ion-
ization shows that doubly excited states populated
through the six 4p LS single-capture channels are formed
through the same electron-transfer mechanism in both
processes.

We have presented further support for the domination
of consecutive one-electron transfers in multiple-
electron-capture mechanisms, which is one of the funda-
mental assumptions of, e.g., the extended classical over-
barrier model.?> The present work also underscores the
need for further coordinate development of experiments
and theory to elucidate charge-transfer mechanisms in
slow and, especially, very-slow collisions between highly
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charged ions and atoms. It is evident that more work is
needed on simple collision systems having well-known
energy-level diagrams and few active channels.
Knowledge of excitation energies, decay rates, and
branching ratios in doubly excited systems of high charge
is far from complete, although access to such parameters
is essential for the understanding of fundamental collision
dynamics. Experimental and theoretical data on highly
charged ions with two or more electrons in excited states
are thus very much needed.
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