PHYSICAL REVIEW A 110, 012809 (2024)

State-selective single- and double-electron-capture processes in slow Ar®*-He collisions
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We present an experiment with numerical simulations for the state-selective single-electron-capture process
in low-energy 1-8-keV/u Ar®"-He collisions. The relative cross sections for the state-selective transitions
are obtained from the measured Q-value spectra. Subshell-resolved differential scattering angle distributions
(DSADs) for the dominant (n = 4) 1s to 4s, 4p, 4d, and 4f transitions and weak (n =5) 1s to 5s and 5p
transitions at 1 keV/u and some mixed state transitions for 5- and 8-keV /u collision energy are measured. The
experimentally obtained state-selective DSADs are compared with the two-center atomic orbital close-coupling
calculations and qualitatively reproduced the oscillatory structures, which are quantum in nature. Undulations in
the small scattering angles for 1s to 4s and 4p, transitions are found to be arising from quantum matter-wave
scattering, further satisfied by the simple mathematical model based on the optical Fraunhofer diffraction
theory of light. The double differential Q-value versus scattering angle distributions give insight into the
double-electron-capture mechanisms measured at 5- and 8-keV/u collision energies. Our findings shed light
on the excited-state electronic dynamics to characterize the highly charged ion-atom collisions in the highly

perturbative regime.
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I. INTRODUCTION

Electron capture (EC) or charge exchange is the dom-
inant process in collisions of highly charged ions (HClIs)
with neutral atoms, molecules, and clusters in low- and
intermediate-energy collisions [1—4]. In electron-capture col-
lisions, one or more target electrons are captured into the
excited states of the projectiles. The subsequent deexcitation
of these excited states through photon emissions leads to pho-
ton spectra in extreme ultraviolet to soft-x-ray regimes [5].
The origin of the soft x rays emitted from comets sheds light
on the primary EC process between the solar wind HCIs
and the comet’s atmosphere entities [5]. The EC process also
plays an important role in diagnosing fusion and astrophysical
plasmas [6,7]. If more than one electron is captured into
the excited states of the projectile, it leads to the relaxation
of excited states through the autoionization process or ra-
diative decay, which is a general feature of HCI-atom or
-molecule collisions (see, e.g., Refs. [2,3,8]). The electron-
capture process also draws much attention to solving the
fundamental scattering problems for few-body momentum
exchanges [9,10]. In this regard, various theoretical models,
such as molecular orbital close coupling [11,12], atomic or-
bital close coupling (AOCC) [13,14], and numerical solution
of the time-dependent Schrodinger equation [15], have been
developed to study the quantum state selectivity of the EC
process and differential cross sections to get insight into the
ongoing collision dynamics.
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With the advent of three-dimensional momentum imaging
techniques such as cold target recoil ion momentum spec-
troscopy (COLTRIMS) [16,17], ne-selective (where n and ¢
are the principal quantum number and angular quantum num-
ber, respectively) measurements have been carried out for a
wide range of collision energy (e.g., keV to MeV) [18,19].
The obtained nf-resolved Q-value (where Q is the system
inelasticity) spectrum gives access to the reaction window of
the collisions. At the same time, the state-selective differential
scattering angle distributions (DSADs) imprint the ongoing
collision dynamics. In these slow collisions, a quasimolecular
ion is formed, manifesting the different dynamical couplings’
(e.g., radial and rotational couplings) effect through the cou-
pling between the intermediate molecular states with the
same or different symmetries [14,20]. The magnetic quantum
number (m) selective differential cross sections encoded the
information about the dynamical couplings, which arise ge-
ometrically from the rotation of the molecular orbitals with
respect to the internuclear axis of the quasimolecular ion. The
molecular orbital alignment effects have been investigated in
several studies, which also involve optically prepared excited
states of the target [21,22].

In the electron-capture process, the capture probability is
defined by the distributions of the transition probability as
a function of the impact parameter (b). The scattering of
the projectiles within the impact parameter b range is anal-
ogous to the optical Fraunhofer-type diffraction where light
is diffracted by the aperture. Following the pioneering work
by van der Poel et al. [23,24] on the atomic matter-wave
diffraction for Li"-Na single-electron-capture (SC) collisions,
a few more studies have been reported in low-intermediate-
high energy ion-atom collisions [19,25-28].
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For HCI-atom collisions, the Ar®" projectile has a unique
advantage for its well-separated energy levels for the differ-
ent nf states, which are possible to resolve experimentally
using supersonic gas jet target (e.g., He and Hy) [18,29]. In
low-energy Ar®*-He SC collisions, the state-selective DSADs
have been investigated both experimentally and theoretically
for 1s to 4s, 4p, and mixed 4d+4f transitions [14,18,30].
However, little attention has been given to 1s to n¢ = 5¢ tran-
sitions, which also contribute as collision energy increases.
The state-selective DSADs will shed light on the collision
dynamics for the highly excited n¢ transitions. Earlier, Bliman
et al. [31] studied the Ar®*-He double-electron-capture (DC)
process using the translational energy gain spectroscopy and
reported the DC into the projectile final states with lower Q
values (<85 eV). However, there is a lack of experimental
data for the channels with higher Q values, i.e., the projec-
tile captures both electrons into the lower projectile states.
Recently, Zhang et al. [32] calculated the partial cross sec-
tions of the projectile final states (n'¢'n¢) for the DC process
at 0.1- to 100-keV /u collision energies using the two-active
semiclassical asymptotic-state close-coupling approach. The
Coulomb potential-energy curves (CPECs) give access to the
classical electron-capture radii and the classical deflection
angles for the single-step and double-step electron-capture
processes. The state-selective DSADs give insight into the
different double-electron-capture mechanisms.

In this paper, we study the state-selective electron-capture
processes in 1-8-keV/u Ar®*-He collisions. The experi-
mentally measured state-selective DSADs (n¢ = 4¢ and 5¢
states) are compared with the two-center atomic orbital
close-coupling (TC-AOCC) calculations. The TC-AOCC cal-
culations qualitatively reproduce the dominant oscillatory
structures in the measured DSADs arising from the coher-
ent oscillations. A simple mathematical model based on the
Fraunhofer diffraction theory (FDT) indicates that the un-
dulations in the smaller scattering angles arise from the
projectile matter-wave scattering. The doubly differential Q-
value vs scattering angle distributions shed light on the
double-electron-capture mechanisms.

The paper is organized as follows: In Sec. II, we briefly
describe experimental methods. In Sec. III, a short description
of the TC-AOCC method is given. The state-selective relative
cross sections, a detailed discussion about the DSADs for SC,
and the nature of electron-capture mechanisms for DC are
given in Sec. IV. Finally, in Sec. V, we conclude our major
findings. In the following, atomic units are used throughout
unless otherwise indicated.

II. EXPERIMENT

The experiments were performed in the electron cyclotron
resonance-based ion accelerator (ECRIA) [33] facility at
Tata Institute of Fundamental Research, Mumbai, using a
COLTRIMS reaction microscope [34,35]. The 1-, 5-, and 8-
keV/u Ar®" projectile beam interacts perpendicularly with
the supersonic He gas jet. The supersonic gas jet has been
produced by expanding the He gas of a stagnation pressure
2 bars through a 30-um nozzle towards the source vacuum
chamber (base pressure >~ 2 x 1078 mbar) followed by a
double-stage skimmer assembly. A cylindrical electrostatic

beam cleaner has been used to avoid the primary projectile
beam contamination owing to the electron capture from the
residual gases in the long beamline. The recoil ions and
the charge-changing projectiles are coincidentally detected
by combining the COLTRIMS reaction microscope with a
final projectile charge state analyzer. The electric fields in the
extraction and acceleration regions were 5.33 and 7.77 V/cm,
respectively. Both recoil and projectile detector assembly have
the combination of an 80-mm-diameter microchannel plate
followed by the position-sensitive delay line anode. The beam
current at the final Faraday cup has been maintained at around
100 pA. The data are stored in an event-by-event list mode
using the COBOLDPC software for offline analysis. Details of
the three-dimensional momentum calculation can be found
elsewhere [34,36].

The momentum exchange due to the electron being cap-
tured by the projectile is compensated by the relative motion
between the target and the projectile. Using the energy and
momentum conservation, one can easily deduce the follow-
ing relations of longitudinal (p,) and transverse (p,, ) recoil
momentum and the corresponding scattering angle (6):

nov  Q
Dl = — 62 - (1
Pri = Dpl1, (2)
o= Pt 3)
pip

where Q = Epindingp — Ebindings» e» U, and p;, are the binding-
energy differences (i.e., system inelasticity) of the captured
electron between the final projectile state and the initial target
state, number of captured electrons, projectile velocity, and
incoming projectile momentum, respectively. From the exper-
imental data, we have information about the p, and p,, for
each event.

The SC and DC processes are analyzed with the time-of-
flight gates in coincidence with the scattered projectiles.

III. THEORY

The TC-AOCC method for dealing with heavy particle
collisions is described in detail in Refs. [9,14,37]. Here, we
have given a brief description. The electronic Hamiltonian
for the single-active electron Ar®*-He collision system can be
expressed as

H = =1V} 4+ Vi(ra) + Vs(rp), )

where V4(r4) and Vp(rg) represent the electron interac-
tion with the projectile core (Ar®") and target core (He™),
respectively.

The model potentials from Ref. [18] are used for V4 and Vp
as follows:

8 10
Va(r) = —— — —exp(—5.50r) — 5.50 exp(—5.50r), (5)
r r

1 1
Va(r) = - - ;exp(—2.696 97r)

— 0.653 54 exp(—2.696 97r). (6)

For the He target, the above model potential can produce an
accurate ionization energy of He™.
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The angle-differential cross sections for the i — j transi-
tion can be obtained by
dojj
d—g” =27 sin6]A |7, (7
where the scattering amplitudes A ;; are determined by the im-
pact parameter dependent transition amplitudes and are given
by

+00 0
Au(0) =y / bF(b)J|ml._m,.||:2bMvsin E]db. )
0

Here
F(b) = ajiez(i/U)ZTZPlﬂh’ (9)

y = pu(=i)m=mil+1 s the reduced mass of the projectile
and target, and m;(m;) represents the magnetic quantum num-
ber of the final (initial) state. The function J represents the
first kind of Bessel function. For a given impact parameter b
the transition amplitude aj; is calculated. The eikonal phase
(or Coulomb phase) due to the Coulomb repulsion between
the target and the projectile nuclei is defined as e>(/V)2rZeinb,
where Zy and Zp are the corresponding effective charges for
the projectile and target cores.

IV. RESULTS AND DISCUSSION

A. n{-resolved relative cross sections

In the 1-keV/u Ar®*-He SC process, the ls to 4s, 4p,
4d, 4f, Ss, and Sp transitions [see Fig. 1(a)] are resolved
experimentally. For the dominant n = 4 shell, the distribu-
tion is maximized for the 4d state, and 4p is the second
most dominant state. The contributions are much less for the
other two 4s and 4f states. The populations are statistically
distributed in the middle £=1 and 2 states and decrease for
the £=0 and 3 states. For the weak n=5 shell, the ls to
Ss transition is dominant over the 1ls to 5p transition. The
other 5d + 5f + 5g states are almost negligible. Very small
contributions to the transfer excitation (TE) channels like
[3s, HeT(n = 2)], [3s, He™(n = 3)], [3s, He"(n = 4)], and
[3p, He'(n = 2)] have been observed [see Fig. 1(a), inset].
The [3s, Het(n = 2)] channel is mixed with the 3d channel
as both have similar Q values. The small yields of the TE
channels indicate the second electron is almost frozen during
the collisions in these highly perturbative collisions. For 5-
and 8-keV /u collision energies, 1s to 4s, 4p, 4d+4f, 5s+5p,
and 5d 4 5f 4+ 5g transitions are resolved experimentally [see
Figs. 1(b) and 1(c)]. The 4d+4f channel is the dominant SC
channel. A small contribution from the 1s to 3d transition has
been observed, which has increased with the increment of the
collision energy. This could be understood as the width of the
reaction window is proportional to the square root of collision
velocity (i.e., AE v%2). A minor contribution from the [3p,
He™(n = 2)] TE channel has also been observed. The large
Q values associated with these channels (e.g., 3d and TE
channels) require small capture radii in order to capture the
electrons. These small impact parameters result in a lower
cross section of these channels, and also these states lie far
away from the mean of the reaction window (~25.9 eV). The
relative yields of the SC channels are tabulated in Table 1. The
relative yields between the [3p, He™(n = 2)] and 3d states
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FIG. 1. Q-value spectra for the Ar®*-He SC process at 1-, 5-
, and 8-keV/u collision energies. For 1-keV/u collision energy,
the Q-value spectrum from 55 to 85 eV is shown in the inset
of panel (a).

decrease as the collision energy increases from 1 to 8 keV /u.
This implies that the TE process is a two-step process where
the projectile interacts with both electrons independently. In-
creasing the collision energy decreases the interaction time,
resulting in reduced probability of the two-step process. Also,
the excitation energies of the He'(n > 2) states are much
higher, which requires a small impact parameter b collision
to excite the electron in these states.

B. Angular distributions

Figure 2 shows the two-dimensional momentum density
plots for the 1-8-keV/u Ar®*-He SC process. The state-
selective transverse momentum distributions reflect the rich
oscillatory structures. With increasing collision energy, the
spreads of the transverse profiles become narrower. In general
small impact parameter collisions result in a large transverse
momentum transfer and vice versa [9]. Clearly, the momen-
tum density plot implies that the small impact parameter
collisions are dominant at low collision energies. The inter-
action time is higher at 1-keV/u collision energy, and the
electron can be adiabatically adapted to the small internuclear
separation in the ArHe®" quasimolecular ions. The larger
mean value of the transverse momentum distributions for the
3d and TE channels indicates that these states are populated
through small b collisions.
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TABLE I. Relative cross sections of the different final projectile
states of Ar’*(n£) in the Ar®*-He SC process at 1-, 5-, and 8-keV/u
collision energies.

E Final projectile states Relative
(keV /u) Ar’* (nf) yields (%)
1 5d +5f +5¢g 0.12+0.04
Sp 0.50£0.03
Ss 3.05+0.03
4f 7.50+0.19
4d 61.28£0.18
4p 23.05+0.26
4s 3.77+0.25
3d +3s*(n=2) 0.13£0.01
3p*(n=2) 0.48 +0.01
3s*(n=4) 0.14+0.01
3s*(n=3) 0.04£0.01
5 5d +5f+5g 1.32+0.35
5s+5p 4.16+0.34
4d +4f 49.63 £0.26
4p 27.66 £0.25
4s 16.38 £0.25
3d 0.48+0.18
3p*(n=2) 0.50+0.18
8 5d +5f +5g 3.20+0.34
S5s+5p 5.55+0.38
4d +4f 44.39+£0.21
4p 27.70+£0.27
4s 17.50£0.29
3d 1.13+£0.25
3p*(n=2) 0.57+0.14

In order to gain insight into the ongoing charge-exchange
dynamics, the state-selective DSADs have been unfolded.
Figure 3 shows the state-selective DSADs for 1s to 4s, 4p,
4d, and 4f transitions for the 1-keV/u SC process. For the
simplest (i.e., Amy; = 0) 1s to 4s transition, experimentally
obtained DSADs contain three oscillating lobes. The origin
of these oscillations can be understood from the inelastic
transition amplitude as given in Eq. (9), which contains a
scattering amplitude and the Coulomb phase arising from the
projectile-target relative motions. The state-selective scatter-
ing amplitude carries the nature of the electronic transition,
while the projectile-target core interaction is augmented in
the Coulomb phase factor. The scattering amplitudes are as-
sociated with the different impact parameters. For a defined
impact parameter leading to a defined scattering angle, the dif-
ferent impact parameters b result in similar scattering angles
that could interfere constructively or destructively, leading
to coherent oscillations in the scattering angle distributions.
For the other £ # 0 transitions, i.e., 4p, 4d, and 4f states,
different m-selective channels lead to different positions of
maxima and minima, resulting in overall distributions. The
TC-AOCC calculations show a good agreement for the dom-
inant ls to 4d transition and the smaller scattering angles
for the 1s to 4f transition. A small shift in the TC-AOCC
calculations has been observed for the 4s and 4p states. For
both states (especially 4s), TC-AOCC calculations overes-
timate the experimental differential cross sections at higher

4s 4p  4d 4f 5s 5p

102

pry (a.u.)

| (@) 1keV/u

1 L
0 -12 -10

3d 4s 4p Ad+4f  5d+5f+5g

Pri (a.u.)

3d

pry (a.u.)

pr (@ w.)

FIG. 2. Two-dimensional momentum density plots for (a) 1-,
(b) 5-, and (c) 8-keV/u Ar®*-He SC processes. The horizontal and
vertical axes represent the recoil longitudinal and transverse momen-
tum, respectively, in a.u. The color bar on the right side represents
the counts in arbitrary units.

scattering angles, i.e., small b collisions. In the small b
collisions (i.e., hard collisions), the interactions are mostly
governed by complex molecular mechanisms where the
electron-electron (e-e) correlations drastically influence the
dynamics. On the other hand, the large b collisions (i.e., soft
collisions) are mostly atomic transitions in nature. The effect
of the e-e correlation is qualitatively understood as follows:
The electronic Hamiltonian [see Eq. (4)] of the TC-AOCC
calculation contains the attractive electron-projectile and the
electron-target interactions. Meanwhile, the e-e correlation is
a positive interaction. Therefore, without the e-e correlations
in Eq. (4), the higher attractive interactions result in relatively
close collisions, i.e., relatively higher scattering angles.
Figure 4 shows the DSADs for the ls to 4s, 4p, and
4d+4f transitions for 5- and 8-keV /u SC collisions. The TC-
AOCC calculations reproduced the oscillations in the measure
DSAD:s for 1s to 4s transitions. Although there is a small shift
towards the higher scattering angles, they mostly arise due to
excluding the e-e correlation in the electronic Hamiltonian H.
The transverse momentum distributions (see Fig. 2) already
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FIG. 3. DSADs of the state-selective electron capture for the 1s to 4s, 4p, 4d, and 4f states for 1-keV /u Ar®*-He collisions. The square
symbols represent the experimental data, and the blue solid lines represent the TC-AOCC calculations. The TC-AOCC distributions are

normalized with respect to the experimental counts.

show that with increasing collision energy, i.e., decreasing the
interaction time, the small b collisions are not dominant as
in the case of 1-keV/u energy. Therefore, relatively large b
induced collisions give a better agreement where the molecu-
larization effect is less.
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Figures 4(b) and 4(e) show the DSADs for 1s to 4p tran-

sitions (solid lines) for 5- and 8-keV/u collision energies,
respectively. At relatively low collision energy (i.e., 5 keV/u),
the DSADs peak at the second oscillatory lobe, and the peak
is shifted to the first oscillatory lobe when collision energy
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FIG. 4. DSADs of the state-selective electron capture for the 1s to 4s, 4p, and 4d + 4f states for 5-keV/u (a—) and 8-keV/u (d—f)
Ar®*-He SC collisions. The square symbols represent the experimental data, and the blue solid lines represent the TC-AOCC calculations. The
TC-AOCC data are normalized with respect to the experimental counts. Using the TC-AOCC calculations [see Eq. (8)], further m-selective
DSAD:s for 1s to 4p, (dotted lines) and 4p; (dashed lines) have been unfolded for 5- and 8-keV /u collision energies (b, e).
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FIG. 5. DSAD:s of the state-selective electron capture for the 1s to 5¢ states for 1-, 5-, and 8-keV /u Ar®*-He collisions. The square symbols
represent the experimental data, and the blue solid lines represent the TC-AOCC calculations. The TC-AOCC data are normalized with respect

to the experimental counts.

increases to 8 keV/u. Qualitatively, this can be understood
as that, in the quasimolecular picture, at a relatively lower
collision energy, the small impact parameter b collisions dom-
inate, resulting in larger scattering angles. We have already
seen the dominance of the small b collisions in the transverse
momentum distributions when the interaction time is higher
(see Fig. 2).

As the collision velocities (i.e., v ~ 0.45 and 0.57 a.u.) are
smaller than the orbital velocity (v, ~ 1.34 a.u.) of the target
electron, it forms an ArHe3t quasimolecular ion. The elec-
tronic cloud adapts adiabatically to the slow-moving nuclei,
resulting in the different dynamical coupling effects [9,14,22].
In order to get an understanding of the dynamical coupling ef-
fects, the magnetic quantum number (m) selective DSADs for
1s to 4pg and 4p. transitions have been unfolded (magnetic
quantum number superscript 1 is used for +1 unless otherwise
stated). In brief, the dynamical coupling between the x; and
Xm states in a xz-collision plane can be written as [9]

0 0 vb 1 10
Oeel o lxm) = vr(xel 5 1xm) + 27 (eliLylxm),— (10)
where vg represents the radial velocity and L, represents the
projection of the angular momentum perpendicular to the
collision plane xz. Here, (x| ;—R [xm) and (xx|iLy|xm) represent
the radial coupling and rotational coupling, respectively. The
radial coupling operator ;—R couples the molecular states that
have the same projection of the angular momentum on the
internuclear axis, i.e., Amy; =0 (e.g., 1s to 4pg transition).
The rotational coupling operator iL, couples the states with
the Amy; = %1 (e.g., ls to 4p; transition). The rotational
coupling dominantly occurs at small internuclear separations,

while the radial coupling starts to dominate with increasing
collision velocity. Figures 4(b) and 4(e) show the m-selective
DSADs for 1s to 4pg (dotted lines) and 4p; (dashed lines)
transitions at 5- and 8-keV /u collision energies. The compari-

6.0
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4.0 —4d
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2.0 —3d ]
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-2.0 .
404 ___.g
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FIG. 6. Coulomb potential-energy curves for SC (solid lines) and
DC (dashed lines) processes for Ar¥*-He collisions. The solid lines
represent the outgoing channels for the state-selective 1s to 3d, 4s,
4p, 4d, and 5s transitions from left to right with increasing crossing
radii. The dashed lines represent the DC channels for different Q
values, i.e., A to F (see Sec. IV D for details). The straight black line
at potential energy V = 0 indicates the incident Ar®*+He capture
channel. For simplicity, the polarization energy of the incident chan-
nel has been ignored.
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FIG. 7. The b-dependent P(b) distributions (a—c) and the corresponding DSADs for the 1s to 4s (d—f) transitions are shown for the 1-, 5-,
and 8-keV/u Ar®*-He SC collisions. The ranges of the annular aperture (d—f) are indicated by the vertical solid black lines. The vertical solid
and dotted arrows (d—f) represent the positions of the first and second diffraction minima estimated from the annular FDT model.

son between the experiment and TC-AOCC calculation for 5-
and 8-keV/u 1s to 4p; transition reflects that the simulation
overestimates the first and the third oscillatory lobes. The
exclusion of the e-e correlation overestimates the DSADs
at smaller scattering angles, which is also confirmed by the
two-electron active AOCC calculation [30].

Similar v dependence DSADs have been observed in both
experiment and simulation for 1s to 4d+4f transitions at
5- and 8-keV/u collision energy. The dominant peak of the
DSADs shifted from a higher scattering angle (i.e., second
oscillatory lobe) to a lower scattering angle (i.e., first oscilla-
tory lobe) as relatively large b collisions start to dominate with
increasing the collision energy from 5 to 8 keV/u. However,
mixing of the 4d+4f states due to experimental resolution
involved a large number of m-selective transitions (e.g., 4dp 1 »
and 4o 1 2.3) unlike the 4p state.

Figure 5 shows the DSADs for the weakly populated and
highly excited 1s to n = 5¢ capture channels. For the 1-keV /u
1s to 5s transition, the measured DSADs contain six oscilla-
tions with decreasing intensity as scattering angles increase.
The TC-AOCC calculation gives a good agreement except for
a small shift due to the absence of e-e correlation. The 5p state
also has several undulations but is not clearly distinguishable
like the 5s state. The undulations in the 1s to 5s+5p transitions
for both 5- and 8-keV/u collision energies are nearly repro-
duced by the TC-AOCC calculations. However, for the less
populated 5d+5g+4-5f states, TC-AOCC calculations show an
additional third oscillatory lobe at higher scattering angles,
which is absent in the measure DSADs. It can be noted that

TC-AOCC calculation overestimates the higher scattering an-
gles for weakly populated ¢ states for a corresponding n shell.

The measured DSADs for the 1s to 4s and Ss transi-
tions at 1-keV/u collision energy consist of three and six
oscillatory lobes, respectively (see Figs. 3 and 5). The scatter-
ing amplitude A;;(6) contains two oscillatory functions, i.e.,
Jims—m; and ay; [see Eq. (8)]. It has been seen that the oscil-
lations in DSADs are correlated with the oscillations in the
probability distributions P(b) = |af,'|2 [30]. In the classical
over-the-barrier picture, the Coulomb barrier is suppressed
as the projectile approaches the target and forms a quasi-
molecular ion. In the quasimolecular picture, the electron is
shared by both the projectile and the target. During this pe-
riod, the electron can swap between the target and projectile,
which results in the oscillations of the capture probability. The
CPECs [38,39] estimate the associated capture radius (R.),
which depends inversely on the Q value for the same projectile
(see Fig. 6). For the Ar¥*-He collision system, the R, values
for 4s and S5s states are &~ 4 and ~ 10 a.u., respectively.
Therefore, the large interaction length (or interaction time)
could lead to multiple swaps of the electron between the target
and projectile during the interaction.

C. Quantum matter-wave diffraction

In order to get insight into undulations of DSADs that
arise in the small scattering angles, a mathematical analysis
based on the optical Fraunhofer diffraction of light has been
introduced. Analogously to FDT of light, the differential cross
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FIG. 8. The b-dependent P(b) distributions (a—c) and the corresponding DSADs for the 1s to 4py (d—f) transitions are shown for the 1-, 5-,
and 8-keV/u Ar®*-He SC collisions. The ranges of the annular aperture (d—f) are indicated by the vertical solid black lines. The vertical solid
and dotted arrows (d—f) represent the positions of the first and second diffraction minima estimated from the annular FDT model.

sections for Amy; = 0 transitions are given by

d 2
7 , (11)

b
PTs) /0 bdbF (b)Jo(kb sin )

where Agp (kK = 2 /A4p) is the de Broglie wavelength of the
incoming projectile.

In HCI-atom electron-capture collisions, the capture radius
is generally large. The potential-energy curves of the quasi-
molecular ions restrict the capture probability P(b) near zero
impact parameters. Therefore, the annular aperture gives a
better physical picture of the b dependent P(b) distributions.
The optical FDT model shows that the intensity distributions
for a uniform annular aperture of radii €ea (¢ < 1) and a can
be expressed as [40]

kae sin 6

2Jy(ka sin ) ,2J;(kae sin6)7?
— € .
ka sin 6

1
(12)
The impact parameter distributions and the FDT model results
are shown in Figs. 7 and 8 with the TC-AOCC calculations for
a uniform annular aperture.

We have tabulated the position of the diffraction fringes
obtained from the TC-AOCC method and the annular FDT
model for 1s to 4s and 4p, transitions in Tables II and III, re-
spectively. The FDT model roughly reproduced the positions
of the dark and bright fringes with the theoretically calculated
DSADs based on the TC-AOCC model. It can be seen that
the b-dependent transition probabilities for 1s to 4s and 4pg
transitions are oscillating in nature in contrast to the simple

annular apertures (see Figs. 7 and 8). However, the FDT model
for annular aperture gives an overall idea about the origin of
these diffraction fringes arising from the large b collisions,
1.e., soft collisions.

The Fraunhofer-type diffraction structures ride over
smooth Gaussian-like distributions (see Figs. 7 and 8). The

TABLE II. Position of the diffraction fringes for the TC-AOCC
theory deduced for 1s to 4s transition. The diffraction patterns for a
uniform annular aperture (p,) predicted by the FDT model are also
tabulated.

Energy Diffraction TC-AOCC FDT
(keV/u) fringes (mrad) (mrad)
0a=3.8-4.8 a.u.

1 First dark 0.038 0.038

First bright 0.060
Second dark 0.076 0.087
Second bright 0.110
Third dark 0.11 0.136
p.=3.8-5.2 a.u.
5 First dark 0.016 0.016
First bright 0.026
Second dark 0.037
0.=3.8-5.2 a.u.
8 First dark 0.013 0.013
First bright 0.020
Second dark 0.029
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TABLE III. Position of the diffraction fringes for the TC-AOCC
theory deduced for 1s to 4py transition. The diffraction patterns for a
uniform annular aperture (p,) predicted by the respective FDT model
are also tabulated.

Energy Diffraction TC-AOCC FDT
(keV/u) fringes (mrad) (mrad)
Pa=4-5 a.u.

1 First dark 0.036 0.036

First bright 0.058
Second dark 0.080 0.083
Second bright 0.105
Third dark 0.115 0.130
=3-5a.u.
5 First dark 0.018 0.018
First bright 0.028
Second dark 0.044 0.042
=3-5a.u.
8 First dark 0.014 0.014
First bright 0.022
Second dark 0.033

DSADs are dominated by the oscillatory structures arising
from the transition probability P(b) oscillation and less con-
tributions from the matter-wave scattering. In these slow,
highly perturbative collisions, electronic dynamics is mostly
governed by complex molecular mechanisms in the small b
collisions through the avoided curve crossings. The different
paths could interfere constructively or destructively, leading
to coherent oscillations in the angular distributions. This kind
of oscillation is known as a Stueckelberg-type oscillation and
has been reported previously for the slow ion-atom colli-
sions [41,42]. On the other hand, the matter-wave scattering is
governed by the soft collisions arising from large b collisions.
When the transition probability is smooth, i.e., not rapidly
oscillating, the diffraction phenomena dominate [19,25]. It
can be seen that the Stueckelberg-type oscillations have the
dominant contributions over the Fraunhofer-type diffraction
process in the highly perturbative HCI-atom collisions.

D. Ar®*-He DC process

The principal quantum numbers for the SC (rn) and DC
(') processes depend on the projectile charge ¢ and the tar-
get ionization energy /I, for two independent electron-capture
processes. The simple scaling laws [43,44] are as follows:

q

ne~ (13)
21, 0
NG
and
"o~ LW. (14)
+
2, S5

For He target, the /, for first and second ionizations are
24.6 and 54.4 eV, respectively [45]. For the Ar®*-He collision
system, we have obtained n ~ 4.15 and n’ &~ 3.16 from the
above Egs. (13) and (14). According to these scaling laws,
the dominant final projectile states for the DC process can
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FIG. 9. Q-value (eV) vs scattering angle (mrad) distributions for
(a) 5- and (b) 8-keV/u Ar®"-He DC processes. The black dotted
lines represent the Coulomb half-scattering angles for each collision
energy. The solid circles, squares, hexagons, and triangles indicate
the scattering angle values arising from the two-step DC process
through Ss, 4d, 4s, and 3d SC channels, respectively. The different
Q-value peaks are labeled by A to F with increasing Q values. The
color bar on the right side represents the counts in arbitrary units.

be represented as (3¢4¢). We have presented the Q-value
versus scattering angle distributions for 5- and 8-keV /u col-
lision energies (see Fig. 9). Zhang et al. [32] show that the
nonequivalent states (n # n’) dominate over the equivalent
states (n = n’) in the DC process. At 5- and 8-keV /u collision
energy, the relative cross sections of the projectile final states
3¢'nl (n > 5),3¢'4¢ + 3¢'5¢, and 3¢/3¢ are nearly equivalent.

Generally, the nonequivalent states are populated in a
two-step process where the projectile captures the electrons
sequentially. This results in a higher scattering angle as the
projectiles are deflected by Coulomb repulsion after captur-
ing the first electron, and in order to capture the second
electron the initial impact parameter should be smaller. On
the other hand, in the single-step DC process, the projectile
captures both electrons simultaneously in relatively higher
impact parameters. Using the CPECs, one can estimate the
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TABLE IV. Possible projectile final-state configurations (n'€'nf)
of the measured Q value for the Ar®"-He DC process. The mean
Q value and the width (full width at half maximum) are tabulated
for A to F peaks. A few final projectile states are available in the
NIST database, while a few are calculated using the flexible atomic
code [46].

Peak Q value Projectile final states
(eV) (n'€'nk)

A 64.4+7.5 3p7€4-3d4f+43d4d

B 73.2+8.8 3p5d+3p6e

C 86.9+94 356s+3p5s+3p4f

D 100.6 £7.8 3p4d+3d®

E 118.9 £ 8.7 3s4p

F 136.1 +8.3 3p3d

crossing radii for the single-step and two-step electron-capture
processes. Figure 6 shows the calculated Coulomb potential-
energy curves for the Ar3*-He SC and DC processes. Here,
the single-step DC process occurs at an internuclear sepa-
ration (Ry) where the incoming channel (Ar®*+He) crosses
with the outgoing Ar®*4+He?* channels. In the double-step
DC process, the SC channels (Ar’*+He") cross the DC chan-
nels at an internuclear separation (R,;) smaller than the Ry.
For the single-step DC process, the estimated scattering angles
from the CPEC:s are equivalent to the half-Coulomb scattering
angle (6,), which is defined as
Q

O = E 5)
where E is the incident projectile energy.

Figure 9 shows the double differential Q-value vs scat-
tering angle distributions for 5- and 8-keV/u Ar®"-He true
double-electron-capture processes. The black dotted lines
show that the mean of the measured scattering angle distribu-
tions for almost all Q values is larger than the 6, (see Fig. 9).
This clearly indicates that both electrons are dominantly cap-
tured into the nonequivalent states of the Ar®" (n'¢n¢’) final
projectile ion. In order to get more clarity, we have calculated
the scattering angles arising from the double-step DC process
(see, e.g., Refs. [2,38,39]). For the two-step DC process, 3d,
4s, 4p, 4d, and Ss initial SC channels are considered. The
estimated scattering angles indicate that the A and C Q-value
peaks mostly arise from the SC through the n¢ = 5¢ states
while the B, D, and E peaks are induced through the nf = 4¢
SC channels. A small contribution from the F peak is pop-
ulated through the n¢ = 3d SC channel. The capture radius
for the 3d SC channel is smaller than the other n¢ = 4¢ and
5¢ channels, resulting in a smaller cross section. We have
assigned the possible projectile final states corresponding to
the measured Q values (i.e., A to F) in Table IV.

The different n'¢'ne states show overall Gaussian-like dis-
tributions in the state-selective DSADs except for the 3p3d
state. Figure 10 shows the DSADs for the double-electron
capture into the 3p3d state. The DSADs for 5-keV /u collision
energy reveal three oscillatory lobes. With the increase in
collision energy to 8 keV /u the third oscillatory lobe is sup-
pressed. The sensitivity of the oscillations with the variation
of the collision energy reflects a similar behavior to the SC
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FIG. 10. DSADs of the state-selective double-electron capture
for the 15> — 3p3d transition at 5- and 8-keV /u Ar®"-He collisions.
The dotted and solid arrows indicate the scattering angles associated
with the single-step and double-step DC mechanisms through the 3d
channel.

process (e.g., ls — 4s transition). This can be understood
from the oscillating nature of the Coulomb phase, which is in-
versely proportional to the collision velocity. The oscillations
are attributed to the Stueckelberg-type oscillations. It can also
be seen that the DC into the 3p3d state via the single-step DC
or double-step DC occurs in almost nearby capture radii (see
Fig. 6). Therefore, the Coulomb deflections associated with
these two processes do not differ much for this channel (see
Fig. 10).

V. CONCLUSIONS

In conclusion, we present a comprehensive experimental
study combined with theory for state-selective SC process in
1-8-keV /u Ar®*-He collisions. The state-selective (n£) partial
cross sections indicate the dominant SC process takes place
for n = 4 states and is weakly populated in n =35 states.
A small contribution from the TE channels at 1-keV /u col-
lision energy implies that the two-step mechanism for this
process increases with the increase in interaction time. The
Stueckelberg-type oscillatory structures in the state-selective
DSADs mostly arise from the interference between the scat-
tering amplitudes. The oscillation periods that are increased
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for highly excited states are explained by the electron swaps
between the projectile and target nuclei in the quasimolecular
picture. Shallow undulations in the DSADs at smaller scat-
tering angles result from the quantum matter-wave scattering
analogous to the optical Fraunhofer-type diffraction of light.
A simple mathematical FDT model for an annular aperture
further supports this finding.

For the Ar®"-He DC process at 5-8-keV/u collision en-
ergies, electrons are transferred to the lower projectile states
with high inelasticity (Q value around 65-150 eV). The
double differential distributions between the Q values and
the scattering angles indicate the DC process happens via

the two-step process, resulting in large mean scattering an-
gles. Our paper thus gives a physical insight into the role
of quantum phenomena in characterizing the state-selective
electron-capture dynamics for single- and double-electron-
capture processes in strongly perturbative collisions.
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