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Highly excited quantum state-selective capture dynamics in slow Ar8+-H2 collisions
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We report on the combined experimental and theoretical studies of the single-electron capture collisions of
Ar8+ projectiles with the H2 molecules at 1, 2, and 4 keV/u collision energies. The nondissociative recoil
H2

+ molecular ions are measured in coincidence with the charge-changing Ar7+ projectiles. The relative
cross sections of the different state-selective capture channels are obtained from the experimentally measured
Q-value spectra. The 1s electron transfers to the highly excited 4d + 4 f , 5s, 5p, 5d + 5 f + 5g, 6s + 6p, and
6d + 6 f + 6g + 6h states are resolved experimentally. The differential scattering angle distributions for the
dominant 1s to 5s, 5p, and 5d + 5 f + 5g transitions are compared with the two-center atomic orbital close-
coupling methods. A collision energy-dependent dynamical coupling effect is also observed for the 1s → 5p0

and 1s → 5p±1 transitions. The dominant oscillatory structures in the scattering-angle distributions are attributed
to Stueckelberg-type oscillations. In contrast, the less visible undulations in the smaller scattering angles imprint
the signature of the quantum matter-wave scattering of the projectiles. The quantum nature of the oscillations
in the angular distributions is further validated by classical calculations. Our study thus illustrates the highly
excited quantum state-selective electron capture process and sheds light on the scattering-angle-range-dependent
collision dynamics for highly charged ion-molecule collisions in the highly perturbative regime.

DOI: 10.1103/PhysRevA.109.032819

I. INTRODUCTION

In slow, highly charged ion (HCI)-atom, -molecule, and
-dimer collisions (υ < 1 a.u., where υ is the collision veloc-
ity), single or multiple electrons from the neutral targets are
captured in the excited states of the projectiles [1–4]. In the
electron capture process, which is the dominant process in this
collision regime [5], the excited projectile states give access
to the populations of the different n� states (where n and �

represent the principal quantum number and orbital angular
quantum number, respectively). The simple single-electron
capture (SC) process allows us to study the fundamental
dynamical inelastic scattering theory for different highly ex-
cited state transitions. It is also interesting to understand the
fundamentals of complex collision dynamics and look for so-
lutions to the few-body momentum exchange problem [6–8].
However, the SC process also plays an important role in the
applications, i.e., diagnosis of the fusion and the astrophysical
plasmas [9,10], the interaction of the highly charged solar
winds with the comets [11], studies of the ioninduced radi-
ation damage of the biological systems [12], etc.

In order to understand the state-selective capture dy-
namics, the angle-differential cross sections need to unfold,
which imprints the collision dynamics. Also, some oscillat-
ing features are not prominent in the total cross sections,
which could be visible in the differential-scattering-angle
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distributions (DSADs). With the advent of cold target recoil-
ion momentum spectroscopy (COLTRIMS) [13,14], it is
possible to carry out the state-selective relative cross sec-
tions as well as the DSADs for a wide range of collision
energies with a good resolution. In order to study the state-
selective capture dynamics upon the impact of HCIs, the
ground state Ar8+(2p6) is one of the obvious choices because
of its Ne-like close-shell electronic structure and various n�

states are well separated in energy [15] to resolve experi-
mentally [16]. On the other hand, the adiabatic expansion of
the jet allows for narrowing down the velocity distributions
and the momentum resolution (�pjet‖ = m�υjet‖) in the jet
propagation direction limited by the mass of the target. This
makes H2 and He the appropriate choice to study the n�-
resolved capture dynamics using COLTRIMS. However, a few
electron capture experiments for slow projectile ions (e.g.,
Li+, Na+, Ne8+) with higher mass targets like Na and Rb
have been performed using the magneto-optical trap recoil-ion
momentum spectroscopy imaging technique [17–20].

In the SC process, the most probable populations of the
n state are successfully predicted by the classical over-the-
barrier (COB) model [21,22]. The simple scaling laws [21]
for the SC process only depend on the projectile charge q and
the target ionization energy Ip, and are as follows:

n ∼ q√
2Ip

q+2
√

q
1+2

√
q

. (1)

For Ar8+-He and Ar8+-H2 SC processes, the n values
are predicted around ∼4.15 and ∼5.10, respectively [23]
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FIG. 1. (a) Schematic representation of the energy levels of the
Ar7+ ion, the ground-state H2 molecule, and the He atom. Di-
mensions are not to scale. The solid and dotted arrows indicate
the dominant populations towards the n = 5 and n = 4 states for
Ar8+-H2 and Ar8+-He SC processes, respectively. (b) The recoil
longitudinal momentum distributions at the 1 keV/u collision energy.

[cf. Fig. 1(a)]. The Ip values for He and H2 are taken as 24.6
and 16.3 eV, respectively [15,24].

A few state-selective angle-differential studies for the dom-
inant 1s to 4s, 4p, and 4d + 4 f transitions have been reported
for the Ar8+-He collisions at 1-6 keV/u collision energies
by several groups [1,25–27]. The DSADs carry rich informa-
tion about the nature of the collisions. Several quantum [19]
and semiclassical [28–30] close-coupling calculations are per-
formed in order to understand the oscillatory patterns and
probe the electron-electron (e-e) correlation effect on the
angular distributions [27]. In slow collisions, the different
dynamical coupling effects on the state-selective process man-
ifest the quasimolecular effects [25,31,32].

In the electron capture collision, the projectiles capture
the electron within impact parameters b distribution, which
defines the aperture radius. The scattered projectile angular
distributions behave like the Fraunhofer diffraction in optics
by a circular aperture. The maxima and minima in the DSADs
are attributed to the matter-wave diffraction of the projec-
tiles by the atom and are sensitive to the collision energy.
van der Poel et. al. [17] first experimentally observed the

matter-wave diffraction for the slow Li+-Na collisions. After
that, it is also reported for several collision systems from
low- to high-energy collisions [33–35]. Liu et al. [36], for
the 0.1–10 keV/u He2+-He collisions, showed the undulations
in the smaller scattering angles originated from the projectile
matter-wave diffraction. In comparison, the oscillations in the
higher scattering angles are attributed to the Stueckelberg-
type oscillations [37–39].

In this article, we have studied the Ar8+-H2 SC process,
which is suitable for studying the highly excited (n = 5)
quantum state-selective electron capture dynamics. The sim-
plest H2 molecule also provides the platform to probe the
effect of e-e correlation on the collision dynamics. The rel-
ative populations for the dominantly populated n = 5 and
weakly populated n = 4 and n = 6 states are measured ex-
perimentally. The experimental DSADs are compared with
the two-center atomic orbital close-coupling (TC-AOCC)
calculation [40]. The oscillations in the larger scattering an-
gles originate from the different scattering paths, leading to
identical scattering angles interfering either constructively or
destructively. In comparison, the undulations in the smaller
scattering angles are attributed to the projectile matter-wave
diffraction. A simple mathematical model based on the op-
tical Fraunhofer diffraction theory reproduces the diffraction
fringes well. We have also shown the collision energy-
dependent dynamical coupling effects for the 1s → 5p0 and
1s → 5p±1 transitions (magnetic quantum number super-
script 1 is used for ±1 unless otherwise stated).

The article is organized as follows. In Sec. II we present
the short descriptions of the complete experimental setup as
well as the offline data analysis. In Sec. III the descriptions of
the TC-AOCC method are given. The combined experimental
and theoretical results and the interpretation of the angular
distributions are discussed in detail in Sec. IV. Finally, in
Sec. V, we summarize 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) [41] facility at Tata
Institute of Fundamental Research (TIFR), Mumbai, using the
in-house COLTRIMS setup [26,42]. The 1, 2, and 4 keV/u
Ar8+ projectile beam interacts perpendicularly with the su-
personic H2 jet. The supersonic jet is produced by expanding
the H2 gas of a stagnation pressure 2 bar through a 30-μm
nozzle towards the source vacuum chamber. A double-stage
skimmer assembly with a 400- and 750-μm diameter is used,
separated by 40 mm. The distance from the nozzle to the
interaction region is around 130 mm. The density of the su-
personic H2 target in the interaction region is estimated to
be around ∼1011 molecules/cm3. During the experiment, the
pressure of the interaction chamber is around 7 × 10−9 mbar.
The pressures of the source, skimmer, and dump chambers
are 2 × 10−4, 1.5 × 10−6, and 8 × 10−8 mbar, respectively.
All the chambers are differentially pumped. Before the in-
teraction chamber, a cylindrical electrostatic beam cleaner is
used to avoid the primary projectile beam contamination due
to the beamline electron capture with residual gases. After
the electron capture process, the charge-changing projectiles
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are analyzed using an electrostatic charge state analyzer. The
main projectile beam is deflected towards a Faraday cup,
and the projectile detector consisting of a microchannel plate
delay line anode (MCP + DLA) detects the other charge-
changing ions. The vertical electric fields guide the recoil
ions toward a similar recoil detector (MCP + DLA). Both
recoil and projectile MCPs are 80 mm in diameter. We have
used a two-field velocity focusing Wiley-McLaren type spec-
trometer [43]. The extraction, acceleration, and field-free drift
region lengths are 1.5, 9.0, and 52.0 cm, respectively. The
electric fields in the extraction and acceleration regions are
5.33 and 7.77 V/cm, respectively. Details can be found else-
where [26,44]. A pair of four jaw slits are also used in the
beamline to reduce the beam current in the optimal operational
value. The beam current at the final Faraday cup is maintained
around ∼100 pA.

The data are stored in an event-by-event list mode using the
Cobold PC software for offline analysis. For each coincidence
event, the recoil detector contains the recoil ion hit positions
[Xr (i) and Yr (i)] and time-of-flight [Tr (i)] information, and the
projectile detector contains the charge-changing projectile hit
positions [Yp(i) and Zr (i)]. The three-dimensional momentum
components of the recoil ions are reconstructed using the
following equations,

prx(i) = mrXr (i)

f T
, (2)

pry(i) = mrYr (i)

f T
− mrυjet, (3)

and

prz(i) = −CqrEs�T (i), (4)

where mr is the mass of the target recoil ion (H+
2 ), T is the

time-of-flight (TOF), qr is the charge of the recoil ion, and
Es is the extraction field of the spectrometer. The bending
coefficient f and the time factor C modification come from
the lens used for the velocity focusing. The TOF difference
between a particle with finite momentum along the spectrom-
eter axis and zero initial momentum along the spectrometer
axis is represented as �T (i) = T (i) − T0. υjet indicates the
longitudinal jet velocity along the jet propagation direction.
Details can be found elsewhere [26,44].

In the electron capture collisions, the captured electrons
move with the projectile. As in the laboratory frame, only
the projectile has the energy source; therefore, the momentum
exchanged is compensated by the relative motion between
the target and the projectile. For small projectile deflection
approximation and using the energy and momentum con-
servation, one can easily deduce the following relations of
parallel (pr‖), perpendicular (pr⊥), recoil momenta and the
corresponding scattering angle (θ ):

pr‖ = −neυ

2
− Q

υ
, (5)

pr⊥ = pp⊥, (6)

θ = pp⊥
pip

, (7)

where Q = (B.E )p − (B.E .)t , ne, υ, and pip are the binding
energy differences of the captured electron between the fi-
nal projectile state and the target, the number of captured
electrons, the projectile velocity, and the incoming projec-
tile momentum, respectively. From the experimental data, we
have information about the pr‖ and pr⊥ for each event. We
obtained the Q value and the scattering-angle distributions
using the above equations.

In our experimental setup, the projectile ion moves along
the x direction, the supersonic jet in the y direction, and the
spectrometer field in the z direction. The pr‖ and pr⊥ momenta

can be calculated from the recoil prx and
√

p2
ry + p2

rz, respec-
tively. In the 1 keV/u Ar8+-H2 SC process, the longitudinal
recoil resolution (�pr‖) is estimated to be around 0.28 ± 0.03
a.u. for the 1s → 5s transition [cf. Fig. 1(b)]. In the present
1–4 keV/u Ar8+-H2 collision system, 1s → 5s and 1s → 5p
transitions are resolved experimentally and are separated by
�3.1 eV [15]. On the other hand, the separations between the
5d-5 f and 5 f -5g states are �1.24 and 0.1 eV [15], respec-
tively. Therefore, the thick horizontal line in Fig. 1(a) donates
states that are not experimentally resolved. The �pr‖ is es-
timated around 0.37 ± 0.03 a.u. for the mixed 5d + 5 f + 5g
states.

In the SC process, the different n�-resolved excited states
of the Ar7+ projectiles are calculated using the ground-
state Ar8+(2p6) ions with the electronic ground state of the
H+

2 (1sσg) ions and are given by

Ar8+ + H2 → Ar7+∗(n�) + H+
2 (1sσg). (8)

The contamination from the metastable Ar8+(2p53s) ions ex-
tracted from the ECRIA is negligible [45]. Also, the large
inelasticity (Q value) in the SC process results in the loss
of the corresponding H2

+ ions from the spectrometer as the
applied fields are small.

III. THEORY

The TC-AOCC method for dealing with heavy-particle
collisions is described in detail in Refs. [6,40]. This method
expands the total scattering wave function in terms of the
single-center electronic states centered on the target and the
projectile, respectively. The coupled equations for the state
amplitudes are produced after inserting the total wave function
into the time-dependent Schrödinger equation. The atomic
states of the projectile (A) and the target (B) are determined
by diagonalization of the Hamiltonian of the projectile (and
the target) over the even-tempered basis:

φnlm(	r) =
∑

k

cnkχklm(	r). (9)

It should be noted that a single-center approximation has
been used for the hydrogen molecular target, and the H2 target
is treated as an atom in the present calculations. The atomic
states of H2 have also been obtained by Eq. (9).

The approximate straight-line motion is employed for the
nuclear motion 	R(t ) = 	b + 	υt (where b represents the impact
parameter and υ represents the collision velocity). In order
to derive the TC-AOCC equations, the total electron wave
function ψ is expanded in terms of the single-center electronic
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states of the two centers (φA and φB):


(	r, t ) =
∑

i

ai(t )φA
i (	r, t ) f A(r, t, v)

+
∑

j

b j (t )φB
j (	r, t ) f B(r, t, v), (10)

where f A and f B represent the translational factors of
the plane-wave electron. Inserting Eq. (10) into the time-
dependent Schrödinger equation yields(

H − i
∂

∂t

)

 = 0, (11)

with the electronic Hamiltonian

H = − 1
2∇2

r + VA(rA) + VB(rB), (12)

where VA(rA) and VB(rB) represent the electron interaction
with the projectile core (Ar8+) and the target core (H2

+),
respectively.

The model potentials from Refs. [16,46] are used for VA

and VB as follows:

VA(r) = −8

r
− 10

r
exp(−5.50r) − 5.50 exp(−5.50r), (13)

and

VB(r) = −1

r
− 1

r
exp(−2.697r) − 0.6535 exp(−2.697r).

(14)
For the H2 target, the above model potential can produce an

accurate ionization energy of H2. Then, the first-order coupled
differential equations for the amplitudes ai(t ) and b j (t ) can be
obtained as

i(Ȧ + SḂ) = HA + KB, (15)

i(Ḃ + S+Ȧ) = K̄A + H̄B, (16)

where the vectors A and B represent the amplitudes ai (i =
1, 2, . . . , NA) and b j ( j = 1, 2, . . . , NB), respectively. S is the
overlap matrix, and its transposed form is denoted as S+. H
and H̄ represent the direct coupling matrices, while K and K̄
are the electron exchange matrices. The solutions to Eqs. (15)
and (16) are obtained with the initial conditions

ai(−∞) = δ1i, b j (−∞) = 0. (17)

By integrating the transition probabilities over the impact
parameter b, the partial cross sections for the charge-exchange
process can be obtained as

σexc,l = 2π

∫ ∞

0
|ai(+∞)|2bdb. (18)

The angle-differential cross sections for the i → j transition
can be obtained by

dσi j

dθ
= 2π sin θ |Aji|2, (19)

where the scattering amplitudes Aji determined by the impact-
parameter-dependent transitions amplitudes are given by

Aji(θ ) = γ

∫ +∞

0
bF (b)J|mj−mi|

[
2bμυ sin

θ

2

]
db, (20)

where

F (b) = a jie
2(i/υ )ZT ZPlnb, (21)

γ = μυ(−i)|m f −mi|+1, μ is the reduced mass of the projectile
and the target, and mj (mi ) represents the magnetic quantum
number of the final (initial) state. The function J represents the
Bessel function of the first kind. For a given impact parameter
b, the transition amplitude a ji is calculated from Eqs. (15)
and (16). The term e2(i/υ )ZT ZPlnb denotes the eikonal phase due
to the Coulomb repulsion between the target and the projectile
nuclei, and ZT and ZP are the corresponding effective charge.

IV. RESULTS AND DISCUSSION

A. n�-resolved relative cross sections

In the Ar8+-H2 single-electron capture collisions, the most
probable distributions for the n = 5 state are observed exper-
imentally, which is also predicted by the COB model [see
Eq. (1)]. More than 90% of populations are distributed in the
n = 5 state and the other small contributions are for the n = 6
and n = 4 states. As collision energies increase from 1 to 4
keV/u, the spectrum also broadens, and the contributions of
the n = 6 and n = 4 states start to increase slowly. This is in
accordance with the broadening of the reaction window with
υ0.5 estimated using the extended classical over-the-barrier
model [22]. The orbital quantum numbers (�), i.e., �-selective
contributions, are also identified. We have identified the fi-
nal n�-resolved contributions in the Q-value spectra which
assigned the Ar7+∗ states as follows: 6d + 6 f + 6g + 6h,
6s + 6p, 5d + 5 f + 5g, 5p, 5s, and 4d + 4 f (cf. Fig. 2). As
the distributions are convoluted with the supersonic jet profile,
which is Gaussian, we fit the Q-value distributions using mul-
tipeak Gaussian fitting. The 5d + 5 f + 5g state is the most
populated state within this collision regime. The relative pop-
ulation of the above-identified states is tabulated in Table I.
It can be seen that the TC-AOCC calculation slightly under-
estimates the populations of the dominant n = 5 and 6 states
(most cases) and much overestimates the 4d + 4 f states. The
capture radii or impact parameters b are needed to be smaller
to populate the 4d + 4 f states due to their higher inelasticity
(Q value). Therefore, the TC-AOCC calculations overestimate
the populations for the small-b-induced collisions.

B. Angular distributions

In order to get an insight into collision dynamics for
the different state-selective transitions, the DSADs imprint
the ongoing collision processes. Figure 3 shows the two-
dimensional momentum density distributions in the (a) 1, (b)
2, and (c) 4 keV/u Ar8+-H2 SC processes. It can be seen
that the recoil transverse momentum is higher at 1 keV/u
collision energy and decreases as collision energies increase
to 4 keV/u. This can be understood at slow collisions, where
the interaction time is higher (around ∼1 × 10−15 s at 1 keV/u
collision energy for an interaction distance of ∼8 a.u.), and the
electronic cloud can be adiabatically adapted to the small in-
ternuclear separation. The dominant 5s, 5p, and 5d + 5 f + 5g
states imprint oscillating lobes in their transverse momentum
profiles and strongly depend on the collision energy. One thing
is observed: the mean transverse momentum value for the
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FIG. 2. Q-value spectra for the Ar8+-H2 SC process at 1, 2, and 4
keV/u collision energies. The red dotted lines indicate the Gaussian
fitting curves and the red solid lines are the sums of all Gaussian
fittings.

weak 1s → 4d + 4 f transition stays higher than the values of
the other transitions. The 4d + 4 f state is mostly populated at
smaller internuclear separation as the inelasticity (Q value) is
higher.

Figure 4 compares DSADs for the experiment and the
theory for the 1s → 5s, 1s → 5p, and 1s → 5d + 5 f + 5g
transitions in the 1, 2, and 4 keV/u Ar8+-H2 SC processes.
The TC-AOCC calculations reproduced the oscillations in the
DSADs visible in the experimental data. The origin of these
oscillations can be understood from the transition amplitudes
obtained from Eq. (21). The state-selective scattering ampli-
tudes are the coherent sum of the eikonal phases accumulated
during the projectile-target relative motions. The individual
paths are defined by the impact parameter b, which corre-
sponds to a definite scattering angle. The different impact
parameters b result in similar scattering angles that could
interfere constructively or destructively, leading to coherent
oscillations in scattering-angle distributions. This kind of os-
cillation is known as the Stueckelbeg oscillation, which was
previously reported for slow ion-atom collisions [37–39].

It can be noted that at 1 keV/u collision energy, the mean of
the dominant oscillatory lobes obtained from the TC-AOCC
method is shifted around ∼1.36, 1.33, and 1.27 times with
respect to the experimentally measured dominant oscillatory
lobes for the 1s to 5s, 5p, and 5d + 5 f + 5g transitions, re-

TABLE I. Relative cross sections (in %) of the different final
projectile states of Ar7+(n�) in the Ar8+-H2 SC process at 1, 2, and 4
keV/u collision energies. The statistical errors are less than ∼0.15%
for the dominant n = 5 state and ∼0.6% for the weak n = 4 and 6
states.

Collision energy Final projectile Relative Relative
E n� state cross section cross section
(keV/u) Ar7+(n�) (Experiment) (TC-AOCC)

6d + 6 f + 6g + 6h 1.1 1.0
6s + 6p 3.9 2.1

5d + 5 f + 5g 52.4 46.9
1 5p 26.5 25.8

5s 15.1 16.4
4d + 4 f 1.0 7.1

6d + 6 f + 6g + 6h 1.7 1.5
6s + 6p 4.1 2.5

5d + 5 f + 5g 45.0 40.2
2 5p 26.9 23.7

5s 20.5 19.1
4d + 4 f 1.8 11.3

6d + 6 f + 6g + 6h 4.1 4.5
6s + 6p 5.2 3.0

5d + 5 f + 5g 42.4 35.7
4 5p 25.7 21.6

5s 18.9 17.6
4d + 4 f 3.7 14.1

spectively [cf. Fig. 4(a), 4(b), and 4(c)]. One of the possible
reasons is that in the TC-AOCC calculations, the e-e inter-
action term is excluded for the single-center and single-active
electron H2 molecules (see Sec. III). Recent studies [27] based
on the two-active electrons show a good agreement with the
experiment. The electronic Hamiltonian (HTA) [29] for two-
active electrons can be expressed as follows:

HTA =
∑
i=1,2

[
−1

2
∇2

i + VT (ri) + VP
(
rp

i

)] + 1

|	r1 − 	r2| , (22)

where 	ri and 	rp
i = ri − 	R(t ) are the position vectors of the

electrons with respect to the target and the projectile, respec-
tively.

The electronic Hamiltonian [see Eq. (12)] of the TC-AOCC
calculation contains the electron-projectile and the electron-
target interactions. Both are attractive interactions in nature.
On the other hand, the inclusion of the e-e correlation is added
as a positive interaction term in the electronic Hamiltonian.
Therefore, without the e-e correlation in Eq. (12), the higher
attractive interactions result in relatively close collisions and
correspondingly result in relatively higher scattering angles.
It is also observed that the third oscillatory lobe in the higher
scattering angles (�0.6 mrad) in the 1 keV/u 1s → 5s tran-
sition is suppressed in the experiment. Quantitatively, this
oscillatory lobe at higher scattering angles originates from
the smaller impact parameters b, i.e., close collisions. This
implies that in close collisions, complex molecular mecha-
nisms mostly govern the electronic dynamics where electron
capture occurs between the different molecular states through
the curve crossing. The discrepancies between the TC-AOCC
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FIG. 3. Two-dimensional momentum density plots for the (a) 1,
(b) 2, and (c) 4 keV/u Ar8+-H2 SC processes. The horizontal and ver-
tical axes represent the recoil longitudinal and transverse momenta,
respectively in a.u. The color bar on the right side represents the
counts in arbitrary units.

calculations and the experiments for the 1s → 5s, 1s → 5p,
and 1s → 5d + 5 f + 5g transitions have been observed at
the larger scattering angles, i.e., the close collisions. The
absence of e-e correlation in the electronic Hamiltonian of
the single-center and single-active electron approximations
for the H2 molecule influences the dynamics. The Ar8+-H2

collision system is a three-center Coulomb problem where
the molecular orientation is expected to influence the state-
selective partial cross sections and the respective collision
dynamics. However, the Ar8+ projectile sees an effective
single-electronic cloud due to the large single-electron cap-
ture radius (∼11.7 a.u. according to COB model) compared
to the H2 bond length (1.4 a.u.). Therefore, one can expect
less molecular-orientation-dependent effects. Hence, the TC-
AOCC calculations qualitatively reproduced the nature of the
oscillating structures in the DSADs.

It can be seen that for the 1s → 5p transition, the intensity
of the second oscillatory lobe is suppressed as the colli-
sion energy increases from 2 to 4 keV/u. This indicates the

large-b-induced collisions (i.e., soft collisions) start to dom-
inate as collision energy increases and corresponding quasi-
molecular effects (i.e., electronic dynamics governed by
the molecular mechanisms) decrease with decreasing the
interaction time. This behavior is clearly reflected in the
state-selective transverse momentum distributions (cf. Fig. 3).
According to the classical Rutherford scattering theory, the
scattering angle is inversely proportional to the product of
the collision energy and the impact parameter b [6]. A sim-
ilar behavior has been observed for the 1s → 5d + 5 f + 5g
transition.

In the quasimolecular picture, in slow collisions, the
electronic cloud can be adapted to the small internuclear
separation between the slow-moving nuclei. The electronic
transitions in the small impact parameter b occur through the
curve crossing between the different molecular states [47].
With increasing collision energy, the quasimolecular effects
are expected to decrease, i.e., the small-b-induced collisions
decrease. Also, the presence of the e-e interaction is expected
to influence the collision dynamics. As our TC-AOCC cal-
culations approximated the single-center and single-active H2

targets, the effect of the e-e interaction would be reflected
in the magnetic subshell selective DSADs. To gain insight
into the different dynamical coupling effects in the Ar8+-H2

collision system, we discuss the DSADs for the 1s → 5p0 and
1s → 5p1 transitions in Sec. IV B 1.

1. Dynamical coupling effects

In our collision range, υ is much smaller (υ ∼ 0.28 a.u. at
2 keV/u) than the orbital electron velocity of the H2 molecule.
During the collision, it forms an (ArH2)8+ quasimolecular ion
where the electronic cloud is adiabatically adapted into the
slow-moving nuclei. As a result, different dynamical coupling
effects arise [6,25,48].

In the xz scattering plane, the time-dependent operator ( ∂
∂t )

can be expressed as [6]

∂

∂t
= υR

∂

∂R
+ υb

R2
iLy, (23)

where υR represents the radial velocity and Ly represents the
projection of the angular momentum perpendicular to the
collision plane xz.

Between the χk and χm states, the dynamical coupling can
be written as

〈χk| ∂

∂t
|χm〉 = υR〈χk| ∂

∂R
|χm〉 + υb

R2
〈χk|iLy|χm〉, (24)

where the terms 〈χk| ∂
∂R |χm〉 and 〈χk|iLy|χm〉 represent the

radial coupling and the rotational coupling, respectively.
The radial coupling operator ∂

∂R couples the states that have
the same projection of the angular momentum on the inter-
nuclear axis, i.e., �m f i = 0. The rotational coupling operator
iLy couples the states with �m f i = ±1. Quantitatively, the
rotational coupling arises from the rotation of the internuclear
axis between the target and the projectile. During the collision,
the internuclear axis rotates with respect to the space-fixed
frame, resulting in a symmetry change. On the other hand, the
radial coupling arises from the inertia to keep the orbitals fixed
in space.
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represent the TC-AOCC calculations. The TC-AOCC data are normalized with respect to the experimental counts.

Figure 5 shows the DSADs for the 1s → 5p0 and 1s →
5p1 transitions at (a) 2 and (b) 4 keV/u collision energies are
obtained from the TC-AOCC method. The modulations in the
DSADs for the 5p0 and 5p1 states are in different phases with
respect to each other. This is the result of the oscillating nature
of the electronic transitions accumulated with the eikonical
phase F (b) [see. Eq. (21)].

The relative population of the 5p0 and 5p1 states are tab-
ulated in Table II. At 2 keV/u collision energy, the 5p1 state
dominates over the 5p0 state. It implies the strong alignment
of the 5p1 state with respect to the internuclear axis. As col-
lision energy increases to 4 keV/u, the 5p1 state still has the
dominant contribution, but the relative contribution between
5p1 and 5p0 states decreases. It has been seen that the radial
coupling mostly occurs at the large internuclear separation
where the avoided crossing between the two states takes place.
In the other way, rotational coupling occurs at the smaller
internuclear separation [19,31,36,48]. Equation (23) also indi-
cates the coefficient of the rotational coupling increases with
υb
R2 and would be dominant at small R, while radial coupling
depends on υR. Physically, one can think that the interaction
time is long with slow collision energies, and the electronic
cloud can be adapted to the smaller internuclear separation.
This results in the larger populations of the 5p1 state through
the rotational coupling. The interaction time will decrease
with increasing the collision energy, and the population of
the 5p0 state will increase. The DSADs of the sum of 5p0

and 5p1 states have resemblances between the TC-AOCC
calculations and the experimentally obtained 1s → 5p tran-
sition [cf. Figs. 4(e) and 4(h)]. This also implies the magnetic

quantum number information is well preserved in the 1s →
5p0 and 1s → 5p1 transitions. However, the single-center and
single-active electron approximations of the H2 molecules
for the TC-AOCC calculation overestimate the yield of the
first oscillatory lobe for 1s → 5p1 transition and the larger
DSADs for both 1s → 5p0 and 1s → 5p1 transitions. Similar
behavior has been observed in the 1s → 4p0 and 1s → 4p1

transitions for the single-active electron approximation of the
Ar8+-He collision system [25,27].

2. Matter-wave diffraction

To understand the undulations in the small scattering
angles, we present further analysis based on Fraunhofer-
type diffraction in this section. The similarities between the
Fraunhofer diffraction of light by a circular aperture and
the electron transfer process for ion-atom collision are well
known [18,47]. In the optical Fraunhofer diffraction theory,
the intensity is given by [49]

I (θ ) ∝
∣∣∣∣
∫ ρ

0
rdrJ0(kr sin θ ) f (r)

∣∣∣∣
2

, (25)

where r is the aperture radius, J0 represents the Bessel func-
tion, k is the wave vector, θ is the diffraction angle, and f (r)
is the pupil function which reflects the radial transmittance
and phase shift of the aperture. For a uniformly illuminated
circular aperture, the above equation reduces to

I (θ ) ∝
[

2J1(kρ sin θ )

kρ sin θ

]2

. (26)
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The corresponding dark and bright diffraction fringes are
given by ∼0.61λ/ρ, ∼0.819λ/ρ, ∼1.116λ/ρ, etc., where λ

is the wavelength of the incoming wave.
Analogous to optical diffraction [cf. Eq. (25)], the differen-

tial cross sections (DCSs) for �m f i = 0 transitions are given
by the eikonal approximation [30,50],

dσ

d�
∝

∣∣∣∣∣
∫ b

0
bdbJ0(kb sin θ )g(b)

∣∣∣∣∣
2

, (27)

where θ is the scattering angle; g(b) is the transmittance
function for the electron capture process, including the in-
ternuclear interaction; b is the impact parameter, and k =
2π/λdB, with λdB being the de Broglie wavelength of the
incoming projectile.

In the following, we use the reduced probability bP(b),
where P(b) = |a f i|2 of the electron capture (cf. Fig. 6 left
panels), as guidance for estimating the radius of the collision
region. Our Fraunhofer diffraction theory (FDT) model results
are shown in Fig. 6 with the TC-AOCC calculations.

The bP(b) distributions are pronounced in a definite range
of impact parameters b. Therefore, one can assume the aper-
ture functions are annular in nature rather than circular. In the
case of a uniformly illuminated annular aperture of radii εa

TABLE II. Relative populations of the 5p0 and 5p1 states at 2
and 4 keV/u collision energies.

E (keV/u) 5p0 5p1

2 29.1 70.9
4 37.8 62.2

and a, the intensity distribution is given by [49]

I (θ ) ∝ 1

(1 − ε2)2

[
2J1(ka sin θ )

ka sin θ
− ε2 2J1(kaε sin θ )

kaε sin θ

]2

,

(28)

where the value of ε is less than unity. For ε →0, Eq. (28)
gives the intensity distribution for a circular aperture. Figure 6
shows the reduced probability bP(b) and the corresponding
DSADs for the 1s → 5s transition at 1, 2, and 4 keV/u
collision energies. From the bP(b) distributions [Figs. 6(a)–
6(c)], one can observe that the probability of the electron
capture is almost negligible in the smaller impact parameters
b. Therefore, we have used the simple FDT model based
on the uniformly illuminated annular aperture function. Our
FDT model reproduced the position of the dark and bright
fringes with the theoretically calculated DSADs based on
the TC-AOCC model. We have tabulated the positions of
the diffraction fringes obtained from the TC-AOCC method
and the annular FDT model in Table III. The positions of
the dark and bright fringes show an excellent agreement be-
tween the TC-AOCC calculation and the FDT model. The
maximum of the bP(b) extends to ∼8.0 a.u. and results in
the diffraction fringes in the much smaller scattering angles,
which are proportional to ∼λdB/b. For 1, 2, and 4 keV/u col-
lision energies the λdB values are ∼4.27 × 10−4, 3.02 × 10−4,
and 2.14 × 10−4 a.u., respectively. Therefore, it is difficult
to see these undulations (e.g., �0.07 mrad for 1 keV/u) in
the experimental data as they also ride over the leading edge
of the smooth Gaussian-like distributions. Classically, the

TABLE III. Positions of the diffraction fringes for the TC-AOCC
theory are deduced for 1s-5s SC processes. The diffraction patterns
for a uniform annular aperture (ρA) predicted by the respective FDT
model are also tabulated.

FDT
Energy Diffraction TC-AOCC annular
(keV/u) fringes (mrad) (mrad)

ρa = 2.0–7.5 a.u.
1st dark 0.032 0.032

1 1st bright — 0.046
2nd dark 0.067 0.068

ρa = 5.5–8 a.u.
1st dark 0.017 0.017

2 1st bright — 0.027
2nd dark 0.039 0.039

ρa = 5.5–8 a.u.
1st dark 0.012 0.012

4 1st bright — 0.019
2nd dark 0.028 0.028
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oscillations of the scattering-angle distributions correspond
to the oscillations in the bP(b) distributions. For example,
at the 1 keV/u collision energy, the bP(b) distribution has
three oscillations between 4 and 8 a.u. impact parameters b
and the DSADs have three oscillations above the scattering
angles of ∼0.2 mrad. The distant collisions or the higher
impact parameters b result in the smaller scattering angles
and vice versa. The oscillations in the DSADs come from
the different impact parameters b, leading to similar scatter-
ing angles that might interfere constructively or destructively,
leading to coherent oscillations. These oscillations are known
as Stueckelberg-type oscillations and are mostly observed in
slow collisions. Similar correspondence has been observed for
the 2 and 4 keV/u 1s → 5s transitions.

One can say that these Stueckelberg-type oscillations are
the dominant contributions in the slow HCI-atom and -
molecule collisions over the Fraunhofer diffraction-type struc-
tures. This can be understood as follows: In the intermediate-
and high-energy collisions where the quasimolecular effect is
less, the diffractionlike structures are mostly governed by the
Coulomb repulsion between the target core and the projectile
core, included in the eikonal phase [51]. For the intermediate-
and high-energy He2+-He and H+-He collisions [34,35], the
transition amplitude a f i is almost constant over the impact
parameter b, and the eikonal phase e2(i/υ )ZT ZPlnb has a smooth

behavior as υ is much higher and ZP is smaller. This results in
the dominant Fraunhofer diffractionlike structures. However,
in the slow HCI-molecule collisions, the a f i itself oscillates,
and the eikonal phase also oscillates rapidly due to the high ZP

and smaller υ. It can be seen that electronic dynamics in the
quasimolecular region are governed by the molecular mecha-
nisms that occur in the small internuclear separation through
the curve crossing between the molecular states. These small-
b-induced collisions result in the large scattering angles in
the DSADs. On the other hand, diffractionlike structures arise
from the large-b-induced collisions, i.e., soft collisions [47].
In these slow HCI-atom and -molecule collisions, molecular
mechanisms dominantly govern electronic dynamics. There-
fore, it results in the much shallower contribution of the
Fraunhofer diffraction-type patterns and is mostly dominated
by the Stueckelberg-type oscillations.

In the TC-AOCC calculations, the electronic motion is
considered quantum mechanically, and transition amplitudes
reflect the nature of the electronic transitions. The oscillations
in the state-selective DSADs are quantum in nature, manifest-
ing the Stueckelberg-type oscillations in the large scattering
angles and the quantum matter-wave diffraction in the small
scattering angles.

In order to validate the quantum oscillations in the an-
gular distributions, we have calculated the classical DSADs
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using the COB model [21,22]. Within the COB model, the
transverse momentum arises from the Coulomb interaction
between the two charged particles ZP and ZT , separated by
R distance. If the projectile moves in the x direction, the
perpendicular force component will give rise to the transverse
momentum,

F⊥ = ZPZT b

(x2 + b2)3/2
. (29)

For a constant υ, the transverse momentum (pp⊥) along the
projectile trajectory is

pp⊥ = 1

υ

∫ ∞

−∞
F⊥dx. (30)

The pp⊥ for m electrons capture as a function of b can be
written as

pp⊥(b) = 1

υb

⎡
⎣ m∑

i

⎛
⎝ZP

√
1 −

(
b

Rin
i

)2

+ m

√
1 −

(
b

Rout
i

)2
⎞
⎠ + (ZP − m)m

⎤
⎦, (31)

where, for the single-electron capture process (m = 1), the
capture radius during the way-in (Rin

i ) and that during the
way-out (Rout

i ) of the collision are equal, i.e., Rin
i = Rout

i .
Details of the calculation can be found elsewhere [52]. The
differential cross section of the p⊥ distributions is obtained
for the geometrical cross section σ = πb2 as follows:

dσ

d pp⊥
= dσ

db

db

d pp⊥
= 2πb

db

d pp⊥
. (32)

Using Eqs. (31) and (7), the above expression can be ex-
pressed in DSADs. The DSADs for 1s → 5s transitions are
calculated for Rin

1 = 8 a.u. The red dash-dotted lines in Fig. 6
represent the DSADs calculated using the COB model. It can
be clearly seen that the classical DSADs are Gaussian-like in
nature and do not reflect any oscillating structures. Therefore,
it can be concluded that the oscillations in the DSADs, i.e.,
Stueckelberg-type oscillations, and matter-wave diffraction
are quantum in nature.

V. CONCLUSIONS

In conclusion, we have comprehensively studied the state-
selective electron capture dynamics in the slow Ar8+-H2

collisions. The recoil ions and the charge-changing projec-
tiles are coincidentally measured by combining the cold
target recoil ion momentum spectrometer with the projectile
final charge state analyzer. Using kinematics, the differ-
ent state-selective projectile final states and scattering-angle
distributions are obtained from the recoil longitudinal and
transverse momentum transfers.

In our measured Q-value spectra, the relative populations
of the state-selective single-electron capture from 1s to the
highly excited 4d + 4 f , 5s, 5p, 5d + 5 f + 5g, 6s + 6p, and
6d + 6 f + 6g + 6h transitions are measured experimentally
at 1, 2, and 4 keV/u collision energies. The differential-
scattering-angle distributions for the dominant 1s to 5s, 5p,
and 5d + 5 f + 5g transitions are compared with the DSADs
obtained from the TC-AOCC method. The oscillations in the
DSADs are mostly reproduced by the TC-AOCC method ex-
cept for a small shift in the scattering angles, which is mostly
caused by the exclusion of the e-e correlation effect in the
interaction potential. The relative populations of the 5p0 and
5p1 states show a collision-energy-dependence alignment of
the electron’s orbitals. The Stueckelberg-type of oscillations
originates from the coherent superposition of the different
impact parameters and is governed by the small-b-induced
collisions. The shallow undulations in the smaller scattering
angles mostly arise from the quantum matter-wave scatterings
and are sensitive to collision energy. A mathematical model
based on the optical Fraunhofer diffraction theory reproduced
the positions of the dark and bright fringes for a uniformly
illuminated annular aperture function. The quantum nature
of the oscillating structures in the state-selective DSADs is
further validated by classical calculations based on the COB
model. Our studies provide insight into the different types of
quantum scattering processes responsible for the oscillatory
patterns in the small and large scattering angles for the highly
excited quantum state-selective electron capture process.
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